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Abstract 
This thesis presents the results of reduced-scale, laboratory wave flume physical model 
experiments. Following Bruun’s (1954 and 1962) original proposal, Sea Level Rise (SLR) is 
expected to lead to cross-shore losses of sand volume from beaches. While some field studies 
have documented some of the characteristics anticipated with profile response to SLR (i.e. loss 
of beach volume and shoreline erosion), until this research commenced, there had been no 
validation of the full profile response predicted by the Bruun Rule (Bruun, 1962), or recent 
variants of it. To address this, a series of new wave flume experiments have been conducted 
that investigate the development of profiles toward equilibrium with stationary wave 
conditions (monochromatic and random) from initially planar slopes at an initial water level. 
The stabilised profiles are then subjected to step water level changes, and the same waves 
continued. Profile development at the new water levels are recorded to re-stabilisation, and the 
responses are compared with predictions of the Bruun Rule (Bruun, 1962) and two recent 
modifications proposed by Rosati et al. (2013) and Dean and Houston (2016). A series of 
nourishment experiments are also conducted in the same manner, where stabilised profiles at 
an initial water level are nourished in various locations (surf-zone, beach-face and berm) to 
investigate the effectiveness of different nourishment locations at reducing the erosion response 
of the profile to the raised water level. The experiments presented here use computer generated 
random waves and constant water levels in the laboratory wave flume experiments. While 
representing a simplified version of natural processes, when operated at appropriate scales, 
physical models automatically contain many of the important hydrodynamics associated with 
wave propagation and transformation that drive profile change through sediment transport. The 
morphodynamic responses of the beach profiles presented here demonstrate classic erosion and 
accretion responses and feature many morphological features, such as bars, troughs and berms 
that may be expected in natural beach profiles. These physical model experiments enabled 
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investigations into fundamental assumptions underpinning the Bruun Rule, and beach profile 
responses to nourishment.  
New laboratory techniques have been developed to enable long-duration experiments and 
high-resolution profiling. A new laser profiling system has been developed that provides high 
spatial resolution profile measurements of subaqueous and subaerial profiles, without the need 
to drain the flume. A range of state parameters (such as the shoreline location, bar crest depth 
and surf zone width) are tracked using the high-resolution profiles, and conservation of mass 
is applied to monitor and quantify the profile development (sediment transport) and 
stabilisation. Two new continuity-based profile analysis techniques have also been developed 
which are applicable in both the laboratory and the field. The first is a profile translation model 
(PTM), which is applied to both idealised and measured shoreface profiles and is used to predict 
profile recession as well as overwash and deposition volumes above the shoreline. The second 
is a method of calculating the mean recession of the profile by averaging the recession of 
discrete contours throughout the active profile.  
Some results demonstrate that profiles can respond accordingly with Bruun’s 
assumptions, i.e., erosion of the nearshore and deposition in the offshore, while others 
demonstrate an opposite response, with recession dominated by onshore transport, supporting 
the alternative theory of Davidson-Arnott (2005). Overtopping of bermed profiles is found to 
increase recession values and onshore transport from lower regions of the shoreface can reduce 
the profile recession, supporting the respective modifications by Rosati et al. (2013) and Dean 
and Houston (2016). Measurements of single contours, such as the still water level shoreline, 
are very variable, particularly through the surf zone. These experiments indicate that (for 
shoreline recession for both barred and bermed beach profiles) errors less than 30% may be 
expected for predictions provided by the Bruun Rule and its variants versus measured shoreline 
recession. The initial planar profile slope is also used to predict the shoreline and mean profile 
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response, relative to the water level change, and is found to perform comparably with the Bruun 
and Rosati models with the profile slope determined from the final measured profile limits. 
Recession predictions derived from the initial slope tended to provide more accurate 
predictions for the bermed profile and cyclic wave climate experiments but provide less 
accurate predictions for the barred profile experiments. Given the error bounds of each model, 
there are insignificant differences between the original Bruun Rule, the variants tested or 
recession values derived from the underlying profile slope. Closer agreement is found between 
the mean recession of the profile and the prediction of the Bruun Rule and its variants with 
errors less than 20%. Some variability is observed between stabilised profiles at different water 
levels, leading to a discussion around the feasibility of attaining static equilibrium profiles 
under stationary wave conditions. Even under these carefully controlled laboratory 
environments, the attainment of a static equilibrium profile seems highly unlikely due to the 
variable nature of wave breaking and systematic feedback responses. Furthermore, static 
equilibrium profiles will never occur in natural coastal environments, so the definition and 
application of dynamic equilibrium profiles is considered more practical. 
The nourishment experiments demonstrate that adding sediment to any region within the 
active profile can reduce recession of the shoreline and mean profile when compared to 
comparable non-nourishment experiments. The results also indicate that nourishment sediment 
may be more likely to remain in the nearshore under erosive conditions the further landward it 
is deposited. The PTM and an addition to Rosati et al.’s (2013) modification (following Stive 
et al., 1991 and Dean and Houston, 2016) to account for the introduced nourishment volume 
are found to provide reasonable predictions of recession of a quasi-two-dimensional nourished 
laboratory profile response to raised water levels. Of course, SLR is far more gradual with much 
greater timescales in the field, and profile responses are subject to three-dimensional 
(longshore) variability in the dynamic processes, adding much more complexity. 
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1 Introduction 
With the recently increased rates of sea level rise (Hay et al., 2015), potential future 
shoreface response to changing water levels are a persistent concern for coastal communities 
worldwide. There remains a lack of suitably long-term measurements of shoreface profile 
change over timescales associated with present rates of sea level rise, henceforth SLR, to 
confidently determine any associated present-day recession rates (Leatherman et al., 2000). 
Coasts recede under the global phenomena of SLR through inundation alone. However, the 
presence of waves results in a more dynamic response of beach profiles to changing water 
levels and the ability to predict how they may respond is of apparent importance. The Bruun 
Rule is perhaps the most well-known and widely utilised method used to predict coastal 
shoreline recession under SLR. The term ‘Bruun Rule’ was first coined by Schwartz (1967). It 
is based on a set of assumptions and hypotheses for which the validity regarding its general 
applicability has been questioned (e.g. Dean, 1987; Cooper and Pilkey, 2004; Davidson-Arnott, 
2005; Aagaard and Sørensen, 2012). A few field-data based experiments have attempted to 
investigate the Bruun Rule with limited success (see Section 1.1.2 and Chapter 2) and until this 
research commenced, there had only been a single set of extremely small-scale laboratory 
experiments conducted to assess the model (Schwartz, 1967), that did not quantify any 
recession values. Therefore, there is a requirement for more rigorous testing of beach profile 
responses to raised water levels at larger scales than those of Schwartz (1967). This research 
addresses this requirement.  
Various practical options for investigating coastal processes are available, such as field 
experimentation/data collection, analytical or concept models (i.e. Bruun Rule), numerical 
model simulations, or physical model experimentation. There is usually a requirement to be 
able to validate models with data; however, some processes occur too slowly to provide readily 
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available data for validation. Response to SLR is an example, as it is usually a lengthy process 
for which measurements of the long-term mean profile responses and validation of models such 
as the Bruun Rule for present conditions may only become possible by the mid-21st century 
(Le Cozannet et al., 2016). SLR and coastal erosion is a concern for many coastal dwellers with 
some coastlines presently eroding (e.g. Bruun, 1954, Leatherman et al., 2000), seemingly 
supporting the coastal response model of the Bruun Rule, which assumes offshore directed 
sediment transport (see Section 1.1 for further detail). It is noted that there is also geological 
evidence of onshore-directed sand transport during periods of post-glacial marine transgression 
(e.g. Thom, 1984; Cowell et al., 2001; Aagaard et al., 2004; Anthony et al., 2010). Many of these 
responses may be due to SLR occurring at a rate in which the shoreface may not maintain its 
equilibrium form with the wave climate, resulting in flatter coastal profiles that favour 
shoreward sediment transport to produce the equilibrium profile (e.g. Patterson, 2013, pp. 41-
42).  
Numerical models are under constant development and continually improving, with some 
physics-based models reportedly able to simulate small-scale and short-term profile dynamics 
after calibration with a range of local conditions (e.g. de Winter et al., 2015; Luijendijk et al., 
2017). However, the requirement to train the model to local conditions highlights one of the 
limitations of these models being used in more general predictive applications; for example, in 
areas where historical data is lacking. Physics-based numerical models are also 
computationally expensive in processing power and data storage, so remain unable to perform 
simulations of long-term profile responses with any practical efficiency (Nicholls et al., 2015; 
Vitousek et al., 2017). Furthermore, while some process-based models appear to be able to 
predict erosive responses with reasonable accuracy, the recovery (onshore transport) processes 
that occur during more mild wave conditions and aeolian processes remain a challenge 
(Nordstrom et al., 2016; Karunarathna et al., 2018).  
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Of course, field data collection and development of numerical models should continue, 
and with advancement in the understanding of various processes and technology both options 
are becoming more efficient and automated (e.g. Casella et al., 2016; Vitousek et al., 2017). 
While the field data is being collected and numerical models improved, smaller-scale physical 
models may be used to investigate some aspects of profile responses to changes in water level 
under various types of wave climate. While some scale effects are unavoidable, reduced scale 
laboratory beach profiles often behave in qualitatively similar ways to prototype beaches and 
shorefaces, forming the same characteristic features at a wide range of scales (Hughes, 1993; 
Baldock et al., 2011; van Rijn et al., 2011). More discussion around scale effects and profile 
similarity is presented in Chapter 3 (Section 3.1). The quasi-2D nature of laboratory wave 
flumes allow simplification of an inherently complex environment, minimising the influence 
of many 3D processes that contribute to uncertainty in quantifying profile response in the field. 
Measuring the entire nearshore profile is far easier in the laboratory, allowing profiles to be 
measured more regularly and with far greater accuracy and precision, enabling detailed 
investigations of sediment transport and temporal profile development that is practically 
unachievable in the field and which numerical models are yet to be capable of simulating. 
Therefore, this research aims to use reduced scale modelling to investigate potential beach 
profile responses to SLR.  
The remainder of this Chapter introduces some fundamental concepts pertinent to this 
area of research. Section 1.1 continues to introduce the Bruun Rule (Bruun, 1962), presents the 
coordinate system and considers the various time and space scales of water level fluctuations 
that affect beach profile development in the presence of SLR. Section 1.2 introduces possible 
measures for mitigating the erosive effects of SLR. Section 1.3 provides a zonation of coastal 
profiles and introduces some basic terminology used in this thesis when describing features 
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contained within them. Key issues and research objectives are summarised in Section 1.4, and 
an overview of the remainder of the thesis follows in Section 1.5.   
1.1 The Bruun Rule and mitigating coastal recession with SLR  
The basis for the Bruun Rule is related to Bruun’s (1954a) earlier work on natural beach 
profiles, which were shown to exhibit a monotonic concave-up mean profile about which 
natural beach profiles fluctuate over time. The mean subaqueous profile shape (Figure 1.1.1) 
has the form:  
 ℎ = 𝐴(𝑥𝑠 − 𝑥)
2 3⁄  1.1.1 
also known as a dynamic equilibrium profile, for x ≤ xs, where h is the water depth relative to 
the still water surface, with an origin seaward of the offshore limit (depth) of wave-driven 
profile change (h*), x is the cross-shore coordinate, xs is the still water shoreline location in the 
cross-shore, and A [m1/3] is a scaling parameter influenced by controls such as sedimentology 
and wave climate (e.g. Bruun, 1954a; Dean, 1991). h* is a time-dependent variable that is 
expected to increase with time due to the increased likelihood of larger waves (Hallermeier, 
1981a). However, the concept of an offshore limit implies that sediment at depths greater than 
h* for a given period is essentially unavailable through wave-driven processes and this defines 
the seaward location of the active profile. Bruun (1962) used this concept to reason that if a 
mean shoreface profile in dynamic equilibrium with a quasi-steady wave climate is to be 
maintained relative to the still water level in the presence of SLR, sediment can only come from 
landward of the offshore limit. This results in net seaward sediment transport and a landward 
shift of the active profile to facilitate raising the entire active profile by the SLR, leading to the 
following formula which has become known as the Bruun Rule: 
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 𝑅 = 𝑆𝐿𝑅
𝑊
ℎ∗ + 𝐵
 1.1.2 
where all components have units of length. R is the recession of the profile (negative values 
indicating seaward advancement, progradation), W is the horizontal length (width) of the cross-
shore active profile, with an onshore limit typically corresponding to a berm with a vertical 
face at the shoreline and horizontal crest, for which B is the berm height above the zero-datum 
(Figure 1.1.1), being mean sea level (in the field) or still water level (in the lab).  
 
Figure 1.1.1:  Bruun rule profile response and framework applied to an idealised profile 
with an offshore shape corresponding to Eq. (1.1.1). The red line indicates the slope of the 
dynamic equilibrium active profile, between the offshore limit (xh*, zh* = 7.2 m, -0.4 m) and 
berm crest (xB, zB = 10.0 m, 0.3 m). The z-axis origin is at the initial water level (SWL0, blue 
dashed line), the x-axis origin is located off the plot, seaward of the offshore limit of the 
profile at the initial water level. 
All parameters are depicted in Figure 1.1.1, which also demonstrates the coordinate 
reference system used in the present work.  In the current laboratory experiments, the x-
coordinate system is set by a fixed barcode tape on the flume (more detail provided in Chapter 
3), with an origin over the horizontal flume bed, near the wave maker. The vertical coordinate, 
z, originates from the initial still water level, SWL0, and is positive upwards. The changed still 
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water level is denoted SWL1, and the water level change corresponds to SLR = SWL1 − SWL0. 
Note that SLR may be positive or negative depending on the change in water level, and a 
positive value constitutes an increase in the elevation of the still water level. The water depth 
to the bed is ℎ = −𝑧𝑏 + 𝑧𝑠𝑤𝑙, where 𝑧𝑏 is the bed elevation and 𝑧𝑠𝑤𝑙 is the still water level 
(SWL0 or SWL1 in Figure 1.1.1). 
The Bruun rule is a simplistic two-dimensional volumetric balance solution to an inherently 
complex environment. Bruun (1962) simplified the original scenario to develop his model by 
applying three main assumptions, which are: 
1. The beach is in a state of dynamic equilibrium due to a quasi-steady wave climate, 
so the entire dynamic equilibrium profile shape to h* is expected to rise to follow 
an increase in SLR. 
2. The active profile is made entirely of sand which is readily eroded and transported 
elsewhere in the profile.  
3. The beach is considered cross-shore two-dimensional, with no sediment imbalance 
due to losses or gains in the system due to long-shore processes or three-
dimensional variability. 
Davidson-Arnott (2005) summarises three hypotheses related to the above assumptions: (i) 
the beach erodes due to elevated water levels allowing waves to act further landward; (ii) the 
eroded sediment moves offshore and is deposited as far as the depth of closure; and (iii) the 
thickness of the offshore depositions above the original profile are equal to the SLR. The 
assumptions and hypotheses limit the potential applicability to field scenarios (Cooper and 
Pilkey, 2004). This has led to others augmenting Eq. (1.1.2) with additional terms to widen its 
applicability (e.g. Stive and Wang, 2003; Thorne and Swift, 2009; Rosati et al., 2013; Dean 
and Houston, 2016). For example, overwash and onshore transport in deeper water have 
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recently been proposed as additional cross-shore mechanisms to be considered alongside the 
classical Bruun Rule (Bruun, 1962; Rosati et al., 2013; Dean and Houston, 2016). Further detail 
and discussion regarding these variants of the Bruun Rule are provided in Chapter 2, Section 
2.2. 
1.1.1 Scales of time and space for various water level fluctuations 
It is essential to appreciate the timescales involved with dynamic equilibrium profiles and 
their response to SLR. Global SLR is a lengthy process, on top of which many other water level 
fluctuations occur over various time and space scales (Figure 1.1.2), each of which influences 
the coastal profile in various ways. There are also many different types of water waves (e.g. 
capillary, edge, short or gravity, long or infra-gravity, tidal, tsunami). The present work 
investigates profile change driven by short waves and associated long waves. Short waves are 
naturally generated by energy transferred from the wind blowing over a fetch to generate sea, 
swell and associated long waves (although a wave maker provides these waves in the present 
flume experiments). Henceforth, the term ‘wave’ will describe these short and long waves, 
while other types of waves will be more explicitly named. Waves and their associated infra-
gravity waves present some of the highest frequency oscillations, followed by other local mean 
water surface variations such as storm surge. Diurnal and semidiurnal tidal oscillations have a 
wide variety of spatial ranges and variability from micro-tidal (less than 2m) to macro-tidal 
(over 4m); one of the largest tidal ranges is 16.3m in the Bay of Fundy, Canada (NOAA, 2017) 
and spring-neap tidal cycles add further temporal variability. Climatic cycles such as El Nino 
and the Southern Oscillation (ENSO) also generate variability in local sea levels and wave 
conditions (Chowdhury et al. 2007) (Figure 1.1.2). Poore et al. (2000) estimate a maximum 
potential SLR of 80 m could occur with a total melt of present-day glaciers and the sea level 
was approximately 130 m lower than present day levels during the ice age around 20,000 years 
ago.  
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Figure 1.1.2: Water level fluctuations occur over a variety of space and time scales 
(approximate values). 
The dynamic equilibrium profile is formed under the wide variety of water level 
fluctuations and weather patterns that occur over a range of temporal and spatial scales (Figure 
1.1.2). Therefore, with so many different water level fluctuations and ongoing profile responses 
to changing wave and weather conditions, a significant variation in the mean water level would 
be required to separate the response of the dynamic equilibrium profile to SLR from variability 
caused by other high-frequency fluctuations.  
1.1.2 Practical considerations for assessing the Bruun Rule  
To initially determine the existence and shape of a dynamic equilibrium profile a dataset 
of regularly measured profiles that captures the envelope of profile change associated with all 
temporal fluctuations is required. Ongoing profile monitoring would then be required to 
determine the response of the dynamic equilibrium profile to SLR and any maintenance of its 
shape. Therefore, while numerous field experiments intended to investigate the applicability of 
the Bruun Rule have occurred, given the constraints required to determine the development 
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and response of the dynamic equilibrium profile, compromises in experimental design are 
usually required. For example, instead of mean profiles, instantaneous profiles that feature 
perturbations such as bars and berms have been used, along with proxies for SLR, such as rising 
lake levels (e.g. Hands, 1979), varying tidal ranges (Schwartz, 1967) and land subsidence 
(Mimura and Nobuoka, 1995). Even in reduced scale laboratories, generating a truly dynamic 
equilibrium profile as well as assessing its subsequent response to a slow change in water level 
would require prohibitively long duration experiments due to the simulation of a variable wave 
and water level climate of sufficient complexity and duration.  However, the qualitative 
similarity in morphological responses and profile development observed at smaller scales 
compared with larger scales may provide useful insights into natural, prototype, profile 
responses.  
Until recently (Atkinson et al., 2018; Beuzen et al., 2018), few published laboratory-based 
experiments had detailed sufficiently long duration experiments to investigate beach profile 
responses toward equilibrium at varying water levels. The paper by Atkinson et al. (2018) 
constitutes some of the research presented here (Chapter 4 in particular), although some 
additional experiments are included which could not fit into that paper or were incomplete at 
the time of submission. Before these experiments were conducted there had only been one 
laboratory study, in which the Bruun Rule was partially assessed using bar-forming 
monochromatic waves in extremely small-scale conditions (Schwartz, 1967). Therefore, 
further investigation into the applicability of the Bruun Rule on beach profiles shaped by wave 
action was warranted. The Bruun Rule and various studies related to it are discussed in more 
detail in Chapter 2. 
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1.2 Mitigating SLR-driven coastal erosion  
“The only way in which the problem of sea-level rise can be handled is by artificial 
nourishment to replenish the material eroded and by the construction of dykes or sea walls of 
proper elevation.” (Bruun, 1962) 
Three distinct groups of strategies are available for dealing with coastal erosion and 
encroachment of the ocean: (i) hard engineering; (ii) soft engineering; and (iii) managed retreat 
(e.g. Leatherman, 1993; Hamm et al., 2002; Dette et al., 2002; Alexander et al., 2012). Hard 
engineering strategies aim to enhance coastal resilience by counteracting natural processes 
through hard structures such as seawalls, breakwaters, and groynes. However, building and 
maintaining hard structures can be expensive. Soft engineering strategies such as shore 
nourishment and beach replenishment involve re-working or introducing additional sediment 
to the coastal system to augment the natural buffer qualities of the beach against erosion. 
Nourishment has become a favoured option for many coastal managers and it has been 
suggested to be an appropriate option for mitigating the coastal response to longer-term erosive 
processes related to SLR (Bruun, 1962; Hamm et al. 2002; Stronkhorst et al., 2017). However, 
laboratory experiments are yet to be conducted to investigate these suggestions. Managed 
retreat entails the relocation of coastal communities away from the coastline and forfeiture of 
the land to the encroaching sea, potentially resulting in billions of dollars of infrastructure 
losses (Leatherman, 1993). In places where land value near the shoreline is very high, the cost 
of relocation may be higher than the cost of building and maintaining sea defences or 
nourishing to raise a beach and nearshore to offset erosion due to sea level rise over the next 
century or so (Leatherman, 1993). Over the last half-century, beach nourishment has been 
increasing in popularity as a soft-engineering coastal management strategy (Hamm et al., 
2002). To date, few nourishment experiments have occurred in laboratories, and they have been 
of relatively short duration. Furthermore, to this author’s knowledge, there have been no 
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laboratory-based experiments that have investigated nourished profile responses to raised water 
levels.  
1.3 Profile zonation and basic terminology  
One of the main advantages of the laboratory-based physical models is the ability to 
reduce and separate variables for a methodological investigation into specific aspects of natural 
system responses, while automatically including many of the hydrodynamics associated with 
wave transformation required to facilitate sediment transport. In laboratory wave flumes many 
variables can be removed or controlled, allowing beach profile change to be driven by a few 
choice variables, such as waves and water level, while eliminating others, such as wave 
direction, tidal cycles, and storm surge. This research investigates cross-shore beach profile 
responses under various wave climates, water level changes and nourishment strategies. The 
profile zonation presented here can also be representative of many natural sandy beach profiles. 
The focal region of profile change is the area shaped by wave action, called the active profile 
(Figure 1.3.1). The active profile is subdivided into three major zones: (i) the shoreface; (ii) the 
surf zone; and (iii) the beach. The precise location of these subdivisions may not be easily 
determined; instead, they are more useful to consider when describing general regions of the 
profile, characterised by the interaction between the sediment bed and local hydrodynamics 
that drive profile change.  
The seaward extent of the shoreface and active profile terminates at the offshore limit 
depth, h*, of the active profile. The landward extent of the shoreface terminates a short distance 
seaward of the main breaker bar, which is where the largest waves will break, transitioning to 
the surf zone. The surf zone is the region of the profile between the point where wave breaking 
commences and the swash zone. Thus, it is influenced by strong turbulence from the wave 
breaking processes and transformation that can generate various morphological features, such 
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as ripples, bars, troughs and steps (Figure 1.3.1) which may be used to define the profile type 
(e.g. Wright and Short, 1984). When present, the shallowest point of the main breaker bar is at 
depth, hcrest, and its cross-shore location defines the seaward extent of the surf zone in the 
present research1.  Throughout the shoreface and surf zone, various types of ripples may be 
present. Ripples are undulations on the surface of the sediment bed, and they are typically 
associated with various modes of sediment transport driven by the local hydrodynamics (e.g. 
Nielsen, 1992). 
The beach encapsulates the swash zone, berm, scarps and dunes. The swash zone 
indicates the seaward extent of the beach, through which the wave runup occurs and is the final 
stage of a wave’s landward propagation. Wave runup is a significant driver of beach profile 
change, and runup limits may be defined in various ways. A practical runup limit for stationary 
wave conditions in the laboratory may be determined by the measured profile change; while 
some runup maxima will be higher, generally a significant number of waves are required to 
result in measurable profile change in the laboratory. With no other drivers of profile change 
(e.g. wind), the runup limit also determines the landward extent of the beach and active profile.  
Accretionary waves typically produce a berm which is a characteristic accumulation of 
sediment into a mound on the subaerial beach (e.g. Figure 1.3.1a). The crest of a stabilised 
berm indicates the equilibrium horizontal and vertical runup limit (Bagnold, 1940; Bascom, 
1953). Erosive waves result in the recession of the beach and net-seaward transport of the 
sediment and lowering of beach profile elevations. For erosive waves, the runup limit may 
again be identified by a berm or (if no berm develops) near the point where no profile change 
                                                 
1 This is defined purely from the morphological feature of the bar crest. From a hydrodynamic and wave 
transformation perspective, the surf zone would be defined where wave breaking commences. Monochromatic 
waves tend to break a short distance seaward of the bar crest. With random waves, some will always break at 
varying distances, further offshore of the main breaker bar. 
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is observed and in the absence of an erosion scarp. The vertical runup limit for scarped profiles 
is the elevation at the bottom of the scarp. 
 
 
 
 
 
Figure 1.3.1: a) Profile zonation and features typical of natural and laboratory beach 
profiles. b) Photo of a laboratory flume profile exhibiting many of the same features. c) An 
annotated beach profile that was measured at the approximate time the photo in (b) was 
taken. 
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1.4 Summary, Key research issues, and objectives 
Coastal profiles vary over many different spatial and temporal scales in both the alongshore 
and cross-shore. To begin to understand complex systems, it is often advisable to simplify the 
problem by reducing and controlling the variables such as wind, waves, temperature, substrates 
and sediment. Reduced scale physical model beach profiles operate over shorter timescales to 
natural beaches and provide a relatively low-cost resource that enables isolation of variables 
and automatically include many aspects of the hydrodynamics and sediment transport that 
numerical models struggle to simulate. The reasonable similarity in various morphological 
features and profile responses between prototype and reduced-scale models provides 
confidence in their use for investigation of nearshore wave-driven profile responses.  
The Bruun Rule is a well-known and simple model based upon a few key assumptions 
which may limit its applicability to many natural settings. However, until this research 
commenced, it had only been tested in the laboratory under very small-scale monochromatic 
wave conditions, for which no quantitative data was provided on recession values. Coastal 
defence against SLR and its associated erosion may include hard (e.g. building sea walls) and 
soft engineering strategies (e.g. beach nourishment) or managed retreat.  Under the more 
extreme levels of SLR anticipated over the coming centuries, managed retreat may ultimately 
be the only option. In the interim, coastal transgression may be offset through nourishment. 
However, surprisingly few laboratory tests have occurred to investigate nourishment strategies 
or response of nourished profile responses to raised water levels.  
This research aims to contribute toward the understanding of the morphodynamics of wave-
shaped, sandy coasts through a novel series of wave flume experiments. Specifically, a set of 
non-nourishment experiments investigate responses of profiles shaped under erosive (barred-
profile forming) and accretive (bermed-profile forming) wave conditions to varying water 
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levels. The results are used to assess the Bruun Rule (Bruun, 1962) and two recent variants 
(Rosati et al., 2013 and Dean and Houston, 2016). A separate set of experiments investigate 
profile responses to different placement of nourishment mounds under similar conditions to the 
non-nourishment experiments, providing a comparison of profile recession when exposed to 
raised water levels. The durations of these experiments constitute some of the longest duration 
physical model experiments conducted with stationary random wave conditions. The profile 
responses documented prompt some discussion and insights into the nature of equilibrium 
profile development and profile dynamics such as bar generation and degeneration sequences. 
The general research questions to be addressed are as follows.  
1. Equilibrium profiles are fundamental to the Bruun Rule. Are they achievable and 
what is an equilibrium profile? 
2. What sort of accuracy can be expected from the Bruun Rule and recent variants in 
predicting profile recession resulting from raised water levels? 
3. Can a profile be nourished to mitigate the profile recession associated with water 
level rise? - If so, where is the best location to place the nourishment material? 
1.5 Thesis outline 
The remainder of the thesis is structured as follows. Chapter 2 presents additional 
background information and discussion of literature relevant to the research. Chapter 3 presents 
the methodology applied in the design, setup, model operation, and collection and analysis of 
data acquired from the experiments. Chapter 4 presents the results of experiments investigating 
equilibrium profile responses to changes in water level for a variety of wave conditions that 
produce both barred and bermed profiles. Chapter 5 presents the results of nourishment 
experiments with similar wave and water level conditions as some of the non-nourishment 
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experiments. Chapter 6 discusses the various profile responses observed during the 
experiments as well as a discussion of the concepts of equilibrium profiles, bar dynamics and 
a comparison between the non-nourishment and nourishment experiments. Conclusions are 
provided in Chapter 7, with some suggestions for future challenges that await investigation 
with coastal physical models. The Appendices provide additional data and profile development 
plots not provided in the main body of the thesis, but which may be useful to refer to when 
considering the various profile responses presented. 
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2 Literature Review 
The chapter presents literature relevant to the present research. Section 2.1 introduces and 
discusses various concepts regarding equilibrium profiles. Section 2.2 details previous work 
that has investigated the Bruun Rule and beach profile response to sea level rise. Section 2.3 
presents some of the literature related to the effects of nourishment on cross-shore beach 
profiles. Finally, Section 2.4 summarises the findings of the literature review and details the 
challenges awaiting this research. 
2.1 Equilibrium Profiles 
“A beach is considered to be in equilibrium when the continued application of wave action 
for an appreciable time is found to produce relatively insignificant changes in the profile of the 
beach under investigation.” (Johnson, 1949)  
“(Laboratory) An equilibrium beach profile is a beach profile which maintains its form. 
The initial condition is a vertical wall. (Actual) An equilibrium beach profile is a statistical 
average profile which maintains its form apart from smaller fluctuations including seasonal 
fluctuations.” (Bruun, 1954b) 
Bruun (1954a) was describing two different types of equilibrium profile here: (i) dynamic 
equilibrium profiles (Bruun’s “Actual” definition); and (ii) static equilibrium profiles (Bruun’s 
“Laboratory” definition). Bruun (1954a) referred to the work of Saville (1950) for examples 
of static equilibrium profiles, for which “no net transport of material perpendicular to the beach 
contours” occurs. This is in alignment with Johnson’s (1949) definition, also quoted above.  
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2.1.1 Dynamic Equilibrium Profiles 
Fenneman (1902) provided an early definition akin to the dynamic equilibrium profiles, 
considering the continually variable nature of waves and weather conditions influencing natural 
beach profiles that maintain an approximately unchanging overall shape. 
2.1.1.1 Monotonic-power profiles 
Bruun’s (1954a) seminal work on natural beach profiles documented monotonic concave-
up mean (dynamic equilibrium) profiles about which an envelope of natural beach profiles 
fluctuates over time. Profile fluctuations arise from varying controls in the field, such as wave 
direction, wave height, wave period, tidal cycles, wind and storm surge. This mean profile 
shape has the form:  
 ℎ = 𝐴𝑥𝑚 2.1.1 
where h is the water depth (m), at a distance, x (m) from the shoreline, the exponent, m 
determines the shape, and A (m1−m) is a scaling parameter influenced by numerous geological 
controls such as sedimentology and wave climate. As with Eq. (1.1.1), m = 2/3 is commonly 
applied (e.g. Bruun, 1954a; Dean, 1977) and thus referred to as the 2/3-power profile, resulting 
in units of A as (m1/3). Rector (1954) presented results from reduced-scale laboratory 
experiments with monochromatic waves and found the best fit value for m to be slightly higher, 
between 0.72 and 0.8. 
Bruun (1988) derived the 2/3-power profile by assuming a profile in equilibrium has 
constant shear stress, τ, per unit bottom area, i.e. dτ/dx = dτ/dt = 0 and constant energy loss 
(dEf/dx = constant, where Ef is the energy flux) from bottom friction only (neglecting other 
factors, such as wave breaking) for h < 0.125L0. From these assumptions, he provided:  
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 𝑥 = 𝐿0√2𝜋ℎ {2 (
2𝜋ℎ
𝐿0
) + ⋯ } = 𝐴1ℎ
3 2⁄  2.1.2 
where higher order terms are neglected and A1 accounts for the constant values. Bruun (1988a) 
acknowledged the lack of complexity of Eq. (2.1.1) and Eq. (1.1.1) compared with natural 
profiles that contain a variety of possible perturbations (bars, troughs, etc.) and suggested that 
the surf zone may be described better by a separate monotonic relationship:  
 ℎ = 𝐴2𝑥
2
5 2.1.3 
In contrast, Dean (1977) derived the 2/3-power profile by applying conservation of energy 
through the surf zone with the following assumptions: (i) uniform energy dissipation per unit 
volume, D*, (ii) for a given grain size, d; (iii) the only destructive force being turbulence; (iv) 
spilling breakers (H ≈ γh, where γ is the breaking criterion, roughly approximated as γ = 0.8); 
and (v) shallow water group velocity, Cg = (gh)
0.5; to arrive at:  
 ℎ = − [
8𝐷∗(𝑑)
𝜌𝑔𝛾2√𝑔
]
2
3
𝑥
2
3 = 𝐴3𝑥
2
3 2.1.4 
where A3 accounts for the constant term. It should be stressed that this is only valid with the 
assumptions and therefore should not be applied to regions seaward of the surf zone (i.e. wave 
breaking). For barred profiles, Larson (1988) also considered the 2/3-power profile to only 
apply to the profile shoreward of the bar, where turbulence and energy dissipation is strongest.  
Dean (1977) looked at beach profile data from 502 sites along the United States’ East 
Atlantic and Gulf of Mexico coasts, providing a wide variety of beaches with different wave 
climates and sedimentology. Allowing A and m from Eq. (2.1.1) to vary, Dean (1977) 
performed a least-squares analysis on all individual profiles as well as mean profiles from 
geographically close beaches. For the individual profiles, the best fit mode for m was in the 
class interval, 0.6 < m < 0.7, and the average value for m was indeed 0.66 (Figure 2.1.1). 
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However, there is considerable spread, with best fit m values in the range: 0 < m < 1.4, 
suggesting the presence of some concave-down (m > 1) in addition to concave-up (m < 1) and 
linear (m = 1) profiles. The corresponding range of A values was also quite broad, 
0.003 < A < 6.31, although the most common values for A were between 0.00 and 0.30.  The 
depth to which the analyses were performed was not specified; however, some figures indicate 
the power-law profiles to depths of h > 15 m (i.e. beyond the surf zone), which is a similar 
depth to the profiles presented by Bruun (1954a). The analysis of groups of profiles reported 
the best fit parameter ranges from: 0.079 < A < 0.398; and 0.520 < m < 0.822. 
 
Figure 2.1.1: Digitisation of Dean’s (1977, figure 3) histogram of the least squares fitting 
analysis of varied m and A for 502 natural profiles. 
Dean (1977) acknowledged that when both A and m can vary, the least squares method 
allows for various close-fit options with large A and small m and vice versa. Given the modal 
m values around 0.67 and additional theoretical evidence through both Bruun’s (1954a) and 
Dean’s theoretical derivations, Dean performed another least-squares analysis for the 
individual profiles with m fixed as 0.67, for which the range of A values all fell within 
0.0 < A < 0.3 (m1/3).   
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2.1.1.2 Compound mean-profiles 
While the profile shape described by Eq. (2.1.1) has been found to fit reasonably with many 
long-term mean shoreface profiles (e.g. Waters, 1939; Bruun, 1954a; Dean, 1977; Mimura and 
Nobuoka, 1995), a single monotonic shape may not be universal. As noted above, Bruun (1988) 
proposed a slightly different equation for the surf zone profile and Inman et al. (1993) described 
compound shoreface profiles, where two different curves are a better fit for some natural mean 
beach profiles (Figure 2.1.2). More recently, Patterson and Nielsen (2016) also provided an 
example where the profile is represented more appropriately by a compound profile, the 
nearshore profile terminating at what Patterson and Nielsen (2016) termed the littoral depth 
beyond which, their shoreface profile continues down toward the inner continental shelf 
(Figure 2.1.2). Note this littoral depth is shallower than Bruun’s (1962) described littoral 
process region that extends to depths of approximately 18 m. Shorefaces around southeast 
Australia are some of the steeper shorefaces encountered globally (Wright, 1976) and shoreface 
profiles in this region typically have maximum slope of around 1/60 (Patterson, 2013). 
 
Figure 2.1.2: Compound profile as demonstrated by Patterson and Nielsen (2016). 
22 
 
2.1.1.3 Linear mean profiles 
Dean’s (1977) analysis found a range of m values that included planar and concave-down 
shapes. Recently, Atkinson et al. (2018) demonstrated that planar profile shapes might fit 
natural mean profiles in the field more closely than the 2/3-power profile, with improved least-
squares fit (also presented in Chapter 3, Section 3.2.3). Many physical model studies 
commence from planar profiles, typically because the planar profile provides an easily 
constructed and repeatable initial condition; however, this evidence also suggests that it may 
be a reasonable basis for any profile to develop from, given that natural profiles in the nearshore 
can fluctuate about a near-planar mean slope. 
2.1.2 Static Equilibrium Profiles 
This section considers static equilibrium profiles, which are discrete, temporally stable 
profiles that may develop, given sufficient time, under stationary wave climates. Static 
equilibrium profiles are what Bruun (1954b) referred to as a ‘Laboratory’ equilibrium profiles, 
referring to the work of Johnson (1949) and Saville (1950).  
Under monochromatic or stationary random (constant Hsig and Tp) waves, a profile may be 
expected to progress toward a stable state, determined by the wave climate and sedimentology, 
where macroscopic features (e.g. bars, troughs, berms, steps; i.e., not necessarily ripples) 
stabilise. However, some evidence suggests the possibility of an oscillating limit-state rather 
than a static equilibrium (Swart, 1974), further discussed in Section 2.1.5. Numerous laboratory 
studies in wave flumes at various scales have investigated attainment of equilibrium and there 
is a consensus that the most dominant factors governing profile shape are: the deep-water wave 
conditions (height, H0, and length, L0); the specific gravity of the sediment (s); and the sediment 
grain size (d) (Rector, 1954; Gourlay, 1968; Nayak, 1970; Sunamura and Horikawa, 1974; 
Dalrymple and Thompson, 1976; Larson, 1988):  
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 𝑆𝑡𝑎𝑡𝑖𝑐 𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 𝑆ℎ𝑎𝑝𝑒 = 𝑓(𝐻0, 𝐿0, 𝑠, 𝑑)  
Assuming only sand in a profile, wave steepness and sediment size will determine the 
sediment transport direction: steeper waves (for a given sediment class) tending to flatten 
(erode) the profile, while coarser sediments (for a given set of wave conditions) tend toward 
profile steepening (accretion), and vice versa. The Gourlay number or dimensionless fall 
velocity, Ω, (Gourlay, 1968 and 1980) has been repeatedly demonstrated to be a useful 
parameter for predicting beach states and profile response (e.g. Nayak, 1970; Hattori and 
Kawamatta, 1980; Wright and Short, 1985; Shimamoto, 2016, Baldock et al., 2017) which has 
the form:  
 𝛺 =
𝐻
𝑤𝑠𝑇
 2.1.5 
where ws is the sediment fall velocity (dependent on size and density), and T is the wave period. 
Low values of Ω tend toward reflective (accretive) beach states, and higher tend toward 
dissipative (erosive) beach states.  
Hattori and Kawamatta (1980) added the starting slope of the profile, β, to the Gourlay 
number, Eq. (2.1.5), to provide another profile response criterion:  
 𝐶𝐻𝐾 = 𝛺𝛽 2.1.7 
where the beach profile would be expected to accrete for CHK < 0.5 and erode for CHK > 0.5 
and equilibrium is anticipated for CHK = 0.5. Baldock et al. (2010) and Baldock et al. (2017) 
used this relationship as a scaling parameter to compare small-scale flume experiments with 
prototype profiles due to the distortion that occurs with a lack of small-scale substitutes for 
sand, resulting in profiles that are steeper than equivalent prototype profiles (Vellinga, 1982; 
van Rijn et al., 2011). Due to this distortion, slopes in reduced scale laboratory beach profile 
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experiments tend to be of the order 1:10 to 1:30. Further discussion around scaling is provided 
in Chapter 3, Section 3.1.  
The documented length of time for a profile to attain ‘equilibrium’ varies in the literature. 
Some consider equilibrium to be achieved in just a couple of hours (Nayak, 1970; Srisuwan et 
al., 2014), while others reported several (Dalrymple and Thompson, 1974; Shimamoto, 2016), 
hundreds (Rector, 1954; Sunamura and Horikawa, 1974), and even thousands of hours (Swart, 
1974), e.g. (Figure 2.1.3).  
 
Figure 2.1.3: Digitisation of Swart’s (1974, figure 42) characteristic profile width, L2 − L1, 
with an equilibrium value of L2 − L1 = 5.554 m. Black line is Swart’s (1974) best fit:  
L2 – L1 = 5.554 −2.847e−0.0118t −0.6030e−0.0008t −0.794e−0.00155t.  
Dalrymple and Thompson (1976) observed that while foreshore equilibrium occurred over 
just several hours, the offshore region requires much longer, due to the slow development 
involved with profile changes affected by ripple migration processes. Large flume data also 
demonstrate nearshore (surf zone) stabilisation within a few hours, whereas profile change in 
deeper water is often unquantifiable over the duration of the experiments presented (Kraus and 
Larson, 1988; Kraus et al., 1992; and Cacares and Sanchez-Arcilla, 2015). Therefore, even 
with reduced scales, modelling equilibrium responses lower down the shoreface may be 
impractical, requiring far too long experiment durations.   
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2.1.3 Simple dynamical model for equilibrium responses  
The following is a simple dynamical equilibrium response model:  
 
d𝑃
d𝑡
=
𝑃𝑒𝑞 − 𝑃
𝑇𝑚
         (2.1.8) 
where P is a state parameter (e.g. the shoreline), Peq is the equilibrium state of P, and Tm is the 
morphological timescale of the parameter development.  
Peq is attained when  
𝑑𝑃(𝑡)
𝑑𝑡
= 0, or  
 𝑇𝑚
𝑑𝑃(𝑡)
𝑑𝑡
+ 𝑃(𝑡) = 𝑃𝑒𝑞  (2.1.9) 
For a known Peq, from some starting condition, P(t0), when a new forcing is applied, 
commencing at a time, t0, the solution for P over time is: 
 𝑃(𝑡) = [𝑃(𝑡0) − 𝑃𝑒𝑞]𝑒
−𝑡−𝑡0
𝑇𝑚 + 𝑃𝑒𝑞    (2.1.10) 
Figure 2.1.4 provides an example of an equilibrium response according to Eq. (2.1.10). 
 
Figure 2.1.4: An exponential approach toward equilibrium of a state parameter, P, over 
time, t. 
Kriebel and Dean (1993) combined Eq. (2.1.10) with a storm surge hydrograph (a time-
varying forcing function) to produce an erosion response model for the seaward advance or 
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retreat of elevation contours relative to the still water level. Due to the exponential response of 
the profile to a forcing function, the relatively short duration of storm events compared with 
Tm means that the beach response does not typically attain Peq. Two main factors determine the 
magnitude of the response to the storm surge hydrograph: the maximum response value, Peq, 
and Tm. Following Eq. (2.1.10), smaller Tm or greater disequilibrium (P(t0) - Peq) results in a 
higher potential for change with a quicker initial profile response. 
2.1.4 Profile change indicators  
Profile change indicators are variables that may be used to determine profile change. They 
may be single or combined state parameters, such as some coherent feature where temporal 
displacement can be tracked, e.g. the shoreline, bar crests or berm crests (e.g. Sunamura, 1983; 
Larson, 1988); or if broader profile data is available, volumetric changes or sediment transport 
could be monitored (e.g. Swart, 1974; Larson, 1988). If a static equilibrium profile is attainable 
under a constant forcing, according to the dynamic model, Eq. (2.1.9), any profile change 
indicator should progress toward equilibrium in an exponentially decaying manner to some 
constant value. For example, Figure 2.1.5 shows the development of two different profile 
change indicators from Larson’s (1988) thesis. Figure 2.1.5a is a plot of the displacement from 
the initial location of a bar’s centre of mass for various experiments, and Figure 2.1.5b shows 
the development over time of the net-offshore sediment transport peak value. As this profile 
change indicator is already a rate (m3/m/hr), equilibrium is attained when the maximum 
offshore transport rate reaches zero, while the location of the mass centre of the bar may be 
expected to asymptote toward a steady position which can be non-zero.  
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Figure 2.1.5: Equilibrium responses of profile change indicators. a) Temporal development 
of various bar centre of mass locations for multiple experiments. b) Development of net 
offshore transport rate maxima over the duration of an experiment; note: as this is a rate, 
equilibrium is attained when the data remains at zero. Figures from Larson (1988).  
2.1.5 Cyclic profile responses 
Profile change indicators may stabilise for many hours before a change occurs. Larson 
(1988) noted that in the presence of transforming and breaking waves, some sediment will 
always be mobilised, introducing variability at small-scales that may lead to changes at larger 
scales. Swart (1974) recorded 14 separate bars generating nearshore and degenerating offshore 
during the first 1,400 hours of his experiment (Figure 2.1.6), often with three or four present at 
one time. The later bars were often stable for hundreds of hours before they degenerated. As 
the bar degenerates, a new bar commences migrating seaward from closer to shore to replace 
it. Swart’s (1974) D-Profile is another profile change indicator present in Figure 2.1.6, defined 
as the horizontal distance between the offshore and onshore limit of profile change. The D-
Profile initially develops quickly over the first 100 hours before progressing toward a more 
stable configuration around 700 hours.  
The cyclic-bar morphodynamic response has also been documented on various natural 
coasts (e.g. Ruessink and Kroon, 1994; Wijnberg, 1996; Shand and Bailey, 1999 and Shand, 
2003, Aagaard et al., 2004; Aagaard et al., 2010). Ruessink and Kroon (1994), documented a 
similar profile response happening over a much longer timescale (see their figure 4). Wijnberg 
(1996) proposed a conceptual model where the bar stability was dependent on the ratio between 
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wave conditions that maintained an outer bar versus conditions that result in outer bar 
degeneration. Maintenance of the bar may be determined by the percentage of waves breaking 
over the bar (bar-maintaining) versus the percentage of non-breaking waves (bar-diminishing). 
Ruessink and Kroon (1994) showed that the breaker bars they studied in the field, migrate 
progressively offshore, with the crest depth increasing and the bar growing in volume and 
height relative to a fitted profile until it degenerates; however, they noted that the cross-shore 
responses are influenced by long-shore bar migration also. Stive et al. (1996) commented upon 
the bars forming near the shoreline and propagating offshore following the degeneration of the 
furthest offshore bar and linked the rhythmic bar dynamics with decadal beach and dune foot 
variability. 
 
Figure 2.1.6: Cyclic bar behaviour with monochromatic waves in a laboratory flume. 
Digitised from Swart’s (1974, figure 23). 
Ruessink and Terwindt (2000) proposed that the primary driver of the cyclic bar response 
was due to morphologic feedback mechanisms, rather than any particular wave events or 
“cyclicity in offshore energy”. The behaviour of the bar was confirmed as a predominantly 
cross-shore process with little effect from long-shore processes. They also describe the trigger 
of a new cycle, with the generation of new bars nearshore and offshore migration of currently 
existing inner bars is triggered by the degeneration of the outer bar. They did not observe an 
outer bar degeneration event but suggested that it may be the more average conditions that 
drive it, once the degeneration sequence is triggered.  
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Plant et al. (2001) also discussed the feedback mechanisms associated with bar migration, 
growth and degeneration at the U.S. Army Corps of Engineers Field Research Facility near 
Duck, North Carolina. Their research indicated that the respective responses were dependent 
on time-averaged wave breaking characteristics, determined by the ratio of wave height to 
water depth over the bar crest, Hrms/hcrest, determined using a shoaling and breaking model for 
the wave height. They proposed that because offshore bars are generally located in deeper water 
than inner bars, they tend to be in regions with low Hrms/hcrest, making bar amplitude decay 
(degeneration) more likely and further concluded that bars might not be able to attain a stable 
(equilibrium) configuration, even with constant offshore wave conditions.  
Aagaard et al. (2004) documented bars that continually migrate onshore. This process is in 
opposition to the offshore migration and serves to feed the upper profile and beaches in the 
presence of a steepening profile. When bars reach the beach, they meld with the beach, 
contributing to its volume. Aagaard et al. (2010) documented offshore transport where the 
opposite trend occurs with offshore migration feeding the lower shoreface with bars continually 
forming at the shoreline and degenerating offshore.  
More recently, Sanchez-Arcilla and Cacares (2017) and Baldock et al. (2017) documented 
bar destabilisation and replacement by a new bar from near the shore in flume experiments 
where a slight reduction in wave height triggered the response, rather than the existing bar 
moving shoreward as a coherent feature to a shallower location in accordance with the reduced 
energy. Given the regular tendency for bars to exhibit this cyclic and continual offshore 
migration response in the field and Swart’s monochromatic experiments, static equilibrium 
profiles that remain stable indefinitely under constant wave conditions may not be achievable 
due to the nature of feedback responses and small-scale changes that inevitably occur under 
waves that are continuously propagating and transforming over beach profiles. 
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2.2 Coastal response to sea level rise - The Bruun rule and recent 
variants 
Chapter 1 introduced the Bruun Rule and some of the research related to it. This section 
presents additional concepts related to the Bruun Rule and details previous research in the 
laboratory and field that have investigated and questioned the applicability of the Bruun Rule. 
Two recent variants are also presented which augment the original Bruun Rule with additional 
terms to broaden its applicability.  
2.2.1 Application of the Bruun Rule 
This section briefly discusses the three variables (h*, B and SLR) used in the Bruun Rule, 
Eq. (1.1.1), which are essential to define appropriately because the location of h* and B 
determines the gradient (
𝑊
ℎ∗+𝐵
) for the transgression prediction. Similarly, uncertainty around 
quantifying SLR means there is a broad range of possible recessions (Le Cozannet et al., 2016). 
Ranasinghe and Stive (2009) warned that the combined uncertainties could lead to considerable 
prediction variability. 
Bruun (1988) specified that the model is only two-dimensional and stressed the importance 
of developing a material-budget, noting that it is often inappropriately applied in three-
dimensional scenarios. He also acknowledged the absence of onshore transport processes, 
stating that “the theory is first of all an erosion and not an accretion theory” and advised that 
the boundary conditions relating to the sediment transport and profile geometry should be 
accounted for in the overall sediment budget. Similarly, the model is limited in the respect that 
it does not consider the various interactions between beach and dune systems, which others 
have identified as being significant drivers of profile response over various spatial and temporal 
scales (Walker et al., 2017). Beach-dune interactions are primarily driven by aeolian processes 
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which are not the focus of this research, nevertheless, they are clearly an important aspect of 
many coastal systems, so it is important to consider this (as well as all other sediment budget 
controls) with regards to their potential influence on the ultimate response of the beach to SLR. 
2.2.1.1 The offshore limit - h* 
The depth of closure is a frequently used term when considering the most seaward limit 
of profile change due to wave action. However, this term can be confusing as it has been used 
variably. A common definition for the depth of closure is the depth of measurable profile 
change that occurs during a typical year (e.g. Stive and de Vriend, 1995; Short, 1999; and Dean 
and Houston, 2016). However, others describe the ‘closure depth’ as a time-dependent variable 
beyond annual trends (e.g. Bruun, 1988 and Kraus et al., 1988). 
Some work of Hallermeier (1977, 1981a) is typically referred to regarding definitions of 
the depth of closure. Hallermeier defined a variety of sandy beach profile change limits using 
annual wave statistics, and two equations are commonly considered, which give very different 
depths. The first is the limit-depth, hl, approximated through: 
 ℎ𝑙 ≅ 2.28𝐻𝑠𝑖𝑔 − 68.5 (
𝐻𝑠𝑖𝑔
2
𝑔𝑇𝑠𝑖𝑔
2) 2.2.1 
where Hsig is the significant wave height, Tsig the significant period and g is gravitational 
acceleration. Hallermeier (1981a) mentions that Eq. (2.2.1) can be applied for annual limits of 
profile change by determining extreme wave heights with annual exceedances of 12 hours, and 
the wave period that occurs at the same time. The second is the incipient-depth, hi, which is 
approximated by:  
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 ℎ𝑖 ≅ (?̅?𝑠𝑖𝑔 − 0.3𝜎)?̅?𝑠𝑖𝑔√
𝑔
5000𝑑50
 2.2.2 
where the overbar denotes the annual mean of daily values for Hsig and Tsig, and d50 is the 
median sediment grain size.  
Bruun (1988) advised the most practical way to determine h* is by comparison of 
temporally dispersed profiles; the offshore location, beyond which, no profile change is 
measured defines h*. If sufficient profile data is lacking, Bruun (1988) suggested a notional 
offshore profile limit at a depth, h* ≈ 3.5Hbmax, where Hbmax is the “actual breaker height of the 
highest waves within a certain time-period”, recommending a 50- to 100-year return event. For 
example, the ten highest waves recorded in approximately 18 m water depth at the Gold Coast, 
Australia range between 9.1 m < Hmax < 12.0 m, the earliest one was measured in 1989 (Hmax 
= 10.0 m) and the most recent in 2016 (Hmax = 9.1 m). The average for these ten values is 
10.42 m (DES, 2018). Assuming Hmax ≈ Hbmax, h* ≈ 36.5 m, which is in reasonable agreement 
with depths for the seaward limit of the lower shoreface described in Short (1999). Patterson 
and Nielsen (2016) compared hi, Eq. (2.2.2), with median wave conditions on the Gold Coast 
and found the calculated depth to be in very close agreement with the transition between the 
shoreface and inner continental shelf at approximately −26 m Australian Height Datum (AHD). 
Therefore, using 3.5Hbmax may over-estimate the recession because with any monotonic, 
concave-upward profile shape, as the depth increases, the gradient flattens relative to a fixed 
landward datum.   
The offshore limit, h*, is an essential component of the Bruun Rule, and its location on the 
shoreface profile is a significant factor in the recession value predicted by the Bruun Rule. h* 
is usually much further from the shoreline compared to the landward limit, B.  Therefore, while 
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increasing h* will tend to increase the predicted recession, due to its influence on the profile 
width through h = Ax2/3, an increase in B will tend to reduce the recession prediction. 
2.2.1.2 The onshore limit of wave influence – B 
When considering material-budgets, Bruun (1988, p. 632) states, “a total account of all 
movement of material within an area limited up and down the profile by boundary lines where 
erosion or accretion is approximately zero”, i.e., no profile change. Bruun also suggests the 
dune crest may be a suitable onshore limit, B. Although, it is clearly subject to change 
depending on each coastal system’s individual geomorphology (i.e. In presence of dunes, or 
cliffs, etc…). As with the offshore limit above, the location where cross-shore sediment 
transport is approximately zero is also far easier to identify in the laboratory than it is in the 
field. Dunes may not exist in the laboratory, so this limit could require another definition. The 
runup limit determines the extent to which a wave can initiate sediment transport. Berms 
typically develop for accretionary waves, the berm crest indicates the runup limit, providing a 
point that defines B in Eq. (1.1.2). For erosive waves, the subaerial profile loses sediment and 
B may be determined as the most landward location of profile change, δz ≠ 0. In the instance 
of a scarp forming, the same approach should apply, which is like the classic example depicted 
in Figure 1.1.1. At a raised water level, the scarp recession may continue, and the additional 
volume provided by scarp collapse above the runup limit offers sediment for the profile 
transformation.  
2.2.2 Previous research investigating the Bruun Rule 
This section will review past research efforts that investigated the Bruun Rule directly. The 
term ‘Bruun Rule’ was first coined by Schwartz (1967) following experiments testing Bruun’s 
(1962) model. Until the present research commenced, Schwartz’s studies were the only 
laboratory investigations of the Bruun Rule. Schwartz performed very small-scale laboratory 
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experiments in a “flume” with dimensions 2.3m x 1m, using fine (0.2mm) sand and tiny 
monochromatic waves with heights ranging between 0.005m < H < 0.031m. Schwartz reported 
qualitative agreement with the Bruun Rule as the profile lifted by values close to the rise in 
water level, which was facilitated by a landward profile shift through net-seaward sediment 
transport. However, the landward recession and net sediment transport were not quantified. 
Schwartz (1967) also conducted field experiments using neap-spring tides as a proxy for 
SLR and again found basic qualitative agreement, with profiles responding to the change in 
tidal range (neap to spring) with a reduction in beach volume and raising of the offshore profile. 
However, migrating sand waves added to uncertainty due to potentially imbalanced long-shore 
sediment transport as well as the variability of tidal oscillation amplitudes and potential 
variability of the weather and wave climate.  
Investigation of the Bruun Rule based on field observations was undertaken by Hands 
(1979, 1980) on Lake Michigan. He monitored shoreface profiles during a period of water level 
rise (approx. 0.08 m/y between 1967 and 1975), and observed shoreline recession in many 
places, with erosion maintaining nearshore profile shapes under rising water levels.  Four 
profiles (out of 29) exhibited a stable or prograding shoreline; these were in areas where long-
shore sediment transport converged, or nourishment strategies were in place. Hands (1980) 
also found the Bruun Rule to overpredict the shoreline retreat (Figure 2.2.1) but suggested that 
there may be a lag-effect due to the fast lake level rise.  
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Figure 2.2.1: Bruun predictions vs observed shoreline recession from Hands (1980). The 
solid line is the 1:1 perfect agreement, dashed lines and dotted lines indicate 1.5 and two 
times absolute error bounds for the observed values. Most of the predictions overestimated 
the actual recession.  
Rosen (1978) studied shoreline recession and application of the Bruun Rule at the 
Chesapeake Bay and found the rule to be in good agreement with observed average recession 
rates. However, Dubois (1992) questioned the validity of Rosen’s and Hands’ studies due to 
profiles being affected by bluff relief, which is the mass movement of sediment down a slip 
face which can occur in the absence of coastal processes (e.g. wind, waves, and currents). 
Dubois (1992) did find the Bruun Rule to be valid for the beach and nearshore in a region at 
Lake Michigan that was unaffected by bluff relief. Dubois (1992) reported that the slope on the 
offshore side of the outer bar remained unchanged after a rise in lake level but noted the 
nearshore-bar and trough shape was well maintained.  The nearshore profile also translated 
upward comparably with the water level rise and receded landward by the same amount as the 
shoreline, leading him to conclude that it may only be applicable in the beach and nearshore 
zone. 
While not explicitly investigating effects of beach profiles to SLR, Vellinga (1982) 
performed a series of experiments at various scales to investigate dune erosion in the presence 
of storm surge. All tests commenced with a composite profile that was considered a reasonable 
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representation of average field profile shapes along the Dutch coast. Dune recession was 
investigated using both stationary representative storm surge water levels as well as applying 
a typical hydrograph of a North Sea storm surge. His experiments demonstrated the expected 
response of a profile to raised water levels on a beach backed by dunes. The dunes eroded to 
provide sediment for the surf zone changes, resulting in recession and development of a storm 
profile.  
Leatherman et al. (2000) discussed various aspects of the coastal response to SLR and 
pointed out that the Bruun Rule does not suggest that SLR causes erosion; instead, it facilitates 
erosion by allowing erosive processes (such as storms) to act further up the profile and transport 
that sediment offshore. They stress, to determine long-term trends in profile response, i.e. SLR, 
long records of data (e.g. 50-80years, according to Galgano et al. 1998 and Le Cozannet et al., 
2016) are required, stating that “No accurate statement about the underlying rate of erosion of 
a beach can be made from observations of shoreline position for a few decades.” Leatherman 
et al. (2000) also analysed historical data from the USA’s east coast dating back 170 years and 
found a recession rate of the order of 150∙SLR. 
Rapid land subsidence (Δz ≈ 0.13 m/y between 1960 and 1970) due to groundwater 
extraction has also been used as a proxy for SLR by Mimura and Nobuoka (1995) on the 
Japanese coast, who found predictions from the Bruun Rule to be within the standard deviation 
of the measured shoreline change after filtering some noisy shoreline data. Unfortunately, 
because no subaerial profile data (to provide berm height and foreshore slope) were available, 
the writers used values considered to be typical of the region, so maintenance of profile shape 
and volumetric continuity was uncertain. The subsidence of the profile mimics SLR, albeit at a 
much higher rate of change.  
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Cooper and Pilkey (2004) reviewed many studies that investigated the Bruun Rule and 
found them lacking for a variety of reasons. They advised that the Bruun Rule does not work 
in natural cases for three main reasons: (i) overly restrictive assumptions; (ii) omission of 
important variables; and (iii) reliance on “outdated and erroneous relationships”. The first two 
points have been acknowledged elsewhere and attempted to be addressed by various 
researchers with the inclusions of additional parameters (see Section 2.2.4, below). Regarding 
the third point, Cooper and Pilkey (2004) question the validity of various aspects relating to 
the dynamic equilibrium profile, including the monotonic profile assumption; the definition of 
the depth of closure; profile change being solely determined by wave climate; and whether 
there is a correlation with profile steepness and erosion rates. It should be noted that Bruun 
(1988) acknowledged the absence of onshore transport processes, stating: “The theory is firstly 
one of erosion, not accretion.” and advised that the boundary conditions relating to the sediment 
and profile geometry should be accounted for in the overall sediment budget. The lack of any 
onshore transport in the original Bruun Rule has led some (Dean, 1987; Davidson-Arnott, 
2005) to produce alternative theories which predict similar profile responses but using 
arguments that contain solely onshore transport, as opposed to offshore transport (see Section 
2.2.3), while others have modified the Bruun Rule following Bruun’s suggestion the define 
boundary conditions that can account for these shortcomings (see Section 2.2.4).  
2.2.3 Alternative theories to the Bruun Rule 
Dean (1987) proposed an alternative rationalisation of dynamic equilibrium profile 
response to SLR, by considering the general trend for sediment size getting finer with distance 
from the shore. Sediment of a given size is located at a certain water depth that is its equilibrium 
location relative to the wave climate and bottom slope. Dean (1987) proposed that with a raised 
water level, all sediment particles in the active zone would move landward, rather than seaward, 
to reattain their equilibrium position and reshape the profile relative to the water level. Dean 
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also noted that with the Bruun rule response to gradual SLR, there should be evidence of a 
trailing ramp that is defined by the active profile slope. Three profiles were presented from the 
Florida coast that did not exhibit the anticipated trailing ramp offshore of the active profile. 
Instead, the slope offshore of the active profile was 1/80th of the nearshore slope (see Dean, 
1987, their figure 4). 
Davidson-Arnott (2005) questioned the validity of the broad hypothesis that net-offshore 
transport from the upper profile facilitates an offshore deposition equal to SLR and also noted 
the omission of the dune sediment budget and aeolian processes that generate the dunes. An 
alternative model was proposed that uses similar rationale to the Bruun Rule to develop a model 
that focusses on the maintenance of the dune with net onshore transport. Onshore transport is 
proposed as the driver of profile response with sediment driven by the storm and recovery bar 
response, where the deepest a bar may reach is the offshore limit, and swell waves act to return 
the sediment shoreward.  
Aagaard and Sørensen (2012) presented a process-based numerical wave transformation 
model over a variety of cross-shore beach profiles, including 2/3-power profiles. They 
considered the wave orbital skewness with shoaling, Stokes drift, and undertow effects to 
determine net sediment transport associated with wave transformation across the active profile.  
The wave skewness is a dominant term in their model, which results in net offshore transport 
(undertow) ceasing quite a distance landward of the breakpoint for their 2/3-power profiles 
(their figures 6 - 8). They commented on the convergence of the onshore and offshore transport 
as a generation mechanism for a bar on a mobile bed, where the location of bar generation is 
dependent on the profile slope. Aagaard and Sørensen’s (2012) numerical treatment indicated 
that with a step change in water level, offshore transport for the 2/3-power profile shape only 
occurred in the first few metres of water depth, with onshore transport dominating at greater 
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water depths through the transport mechanisms associated with shoaling and Stokes drift. For 
a barred profile, with highly erosive waves and a step change in water level, their model 
predicted a landward-migration of the outer bar through onshore transport due to the dominance 
on velocity skewness over undertow. Their results suggest that the simple form of the Bruun 
Rule may not apply for gently sloping beach profiles, where onshore transport from the lower 
shoreface may feed the upper shoreface in the presence of stationary and raised water levels. 
The results provide some support for the onshore transport hypotheses of Dean (1987) and 
Davidson-Arnott (2005) over the purely offshore-directed Bruun Rule. 
Considering the differences between the theories proposed by Bruun (1962), Dean (1987) 
and Davidson-Arnott (2005); if the dynamic equilibrium profile shape is maintained and the 
wave climate remains steady, the answer is likely somewhere in between, as indicated by the 
process-based formulation of Aagaard and Sørensen (2012). This may require modifications to 
the Bruun Rule which accounts for additional sediment budget allowances. The next Section 
provides an overview of some modifications that have already been provided by various 
researchers. 
2.2.4 Variants of the Bruun Rule 
The Bruun Rule, Eq. (1.1.2) should only be considered for application on coastal cells 
supposed to be shaped by 2D (cross-shore) processes alone, with an unconstrained sand budget 
(Bruun 1988). These limitations and those mentioned above have led to variants of the original 
Bruun Rule, with additional terms to broaden its applicability to account for spatial and/or 
temporal variability such as sediment lost or gained from: sediment sources, sinks or 
alongshore imbalances (Stive, 2004); coastal inlets (Stive and Wang, 2003); additional losses 
from overtopping depositions (Rosati et al., 2013); or sediment entering the active profile from 
further offshore (Dean and Houston, 2016).  
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2.2.4.1 Accounting for subaerial profile variability  
SLR may lead to changes in the active profile shape, and hence sediment transport 
processes, e.g. overwash enhances landward sediment transport across the beach face (Baldock 
et al., 2005) and induces changes in the sediment budget (Davis et al., 2000), in which case 
new terms may need to be added to the model. Berms are common features on accretive 
shorefaces, formed by the deposition and accumulation of sediment near the runup limit. The 
region behind the berm at the initial water level must be filled with sediment to maintain the 
berm shape with profile translation due to SLR. This region acts as a sink, increasing the 
recession needed to maintain a profile relative to the mean water level. Rosati et al. (2013) 
presented a modified Bruun Rule with an additive term, the deposition volume, VD (m
3/m):  
 
𝑅 = 𝑆𝐿𝑅
𝑊 + 𝑉𝐷 𝑆𝐿𝑅⁄
𝐵 + ℎ∗
 
 
2.2.3 
 
When developing their argument for the deposition volume (VD), Rosati et al. (2013) note 
that profile response is dependent on the sand budget and an excess or deficit of sand is a key 
driver for profile response to SLR. They provide examples where onshore sediment transport 
may occur on natural shoreface profiles due to storm overwash or an excess of sand in the 
active profile that results in a deepening of the offshore profile, with storms potentially 
introducing sediment from deeper than the limiting depth (for more modal conditions), 
although they did not provide a specific definition of the offshore limit in the paper. The focus 
was primarily on overwash, and Rosati et al. (2013) refer to instances where the overwash 
volume of a single storm may be equivalent to a substantial beach nourishment project. 
Frequency and volume of overwash will increase with an accelerating sea level rise and storm 
intensity/severity/frequency, resulting in increased recession through landward deposition.  
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Rosati et al. (2013) noted the model is conceptual and acknowledged the difficulty in its 
application in a predictive sense, which requires quantification of the deposition volume. In the 
field, the subaerial profile is often also dependent on aeolian processes (Davidson-Arnott, 
2005); therefore, overwash is just one of the potentially multiple aspects of subaerial shoreface 
morphodynamics that may affect the recession with profile translation. Estimates of sediment 
overwash volume over beach berms are technically feasible (Baldock et al., 2008; Figlus et al., 
2010) but not applicable at the timescales associated with SLR. However, an estimate of 
deposition volume and recession can be provided by applying a shoreface translation model 
that maintains the subaerial profile shape (e.g. the Profile Translation Model, introduced in 
Chapter 3). 
2.2.4.2 Accounting for other processes resulting in gradual profile variability 
Dean and Houston (2016) provided a suite of terms that allow for additional sources and 
sinks:  
𝑑𝑅
𝑑𝑡
=
𝑑𝑆𝐿𝑅
𝑑𝑡
(
𝑊
𝐵 + ℎ𝐿
) −
𝑉𝐼
𝐵 + ℎ𝐿
+
1
𝑌(𝐵 + ℎ𝐿)
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−
1
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𝑑𝑡
+
1
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𝑑𝑄𝑠𝑦
𝑑𝑦
 
  2.2.4 
where dR/dt is the annual shoreline change rate, Y is the length of coastline, hL is here denoted 
as the littoral depth, which Dean and Houston (2016) describe this as the “estimate of the 
average annual depth limit at which sediment motion was active to a significant degree” which 
is shallower than h*, VI is the volume of sediment introduced into the active profile (m
3/m/y) 
from deeper water than hL, Vsink is the volume of sand removed from the profile (e.g. overwash 
deposition, VD, proposed by Rosati et al. (2013)), Vsource covers volumetric additions other than 
VI (e.g. nourishment), and dQsy/dy is the long-shore sand transport gradient. The definition of 
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an annual closure depth is vital for the application of the onshore transport term, VI, because if 
the limiting depth is taken at a more extended timescale the area of landward transport may be 
contained within the active profile and so may not be required as an additional term.  
The onshore transport in Dean and Houston (2016)’s formula is an important aspect to 
consider and is linked to profile steepening as suggested by Rosati et al. (2013). Onshore 
transport occurring from deeper to shallower regions should act to offset the recession due to 
SLR. The Bruun Rule should not apply in this scenario, as the profile is not in equilibrium and 
not migrating with constant form. However, when using the Bruun Rule in this scenario, the 
profile slope would consist of a gentler gradient which would result in overestimated recession 
predictions.  Conversely, if the shoreface slope is flattening, the opposite may be correct, and 
VI might equally work for sediment being gradually lost to deeper water, although Dean and 
Houston did not consider this possibility.  
Dean and Houston (2016) suggest calculating VI at hL through the application of measured 
historical data. For example, using past beach and shoreface profile records dating back over 
50 years from the Queensland and New South Wales coasts in Australia, Patterson (2013) 
documented onshore sediment transport for beach profiles with offshore relict sand lobes. 
These have been gradually reducing in volume over decades, partially nourishing the upper 
shoreface. Rosati et al. (2013) provide data showing profile deepening due to an excess of 
sediment for Santa Monica and Venice Beaches, USA. As suggested by Rosati et al. (2013) 
and Dean and Houston (2016), to apply these additional factors an extensive knowledge of the 
coastal system and processes influencing the sediment transport and budget is required. In an 
enclosed laboratory flume environment, these other processes either do not occur or are more 
easily quantified than in the field. There appears to have been no experimental validation of 
the additional terms presented in Eq. (2.2.3) and Eq. (2.2.4). Recently, Karunarathna et al. 
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(2018) applied Dean and Houston’s model, incorporating calculated long-shore and onshore 
sediment transport gradients to three coastal profiles on the west coast of England and found it 
to provide comparable annual recession and accretion rates with measured values in the region. 
2.2.5 Alternative approaches to predicting shoreface response to SLR 
The reaction of beach profiles has been assessed using the original concepts of conservation 
of the chosen profile shape and volume continuity via simple profile translation models. For 
example, Cowell et al. (1992; 1995) developed the Shoreface Translation Model (STM) and 
adopted an active profile shape of the form h = Axm. In contrast to the implementation of this 
formula in Eq. (1.1.1), the A coefficient and m exponent are adjusted to fit the natural profile 
(comparable with Dean’s, 1977 approach), rather than being defined by physical parameters 
associated with the region. Once determined, the translation maintains the profile shape and 
operates by volumetric continuity. More recently, Patterson (2013) developed a large-scale 
translation model also based on volumetric continuity but differing from the STM through 
shoreface profile changes and sediment transport being process driven, allowing the 
representative profile to change with time. Both these models use an idealised profile shape 
that corresponds to the long-term dynamic-equilibrium mean-profile.  
It is important to note that the entire active profile is being translated, not just the shoreline, 
and both the subaqueous shoreface and subaerial beach typically deviate from simple profile 
shapes, which can affect the sediment budget (Allison and Schwartz, 1981). Natural beach 
profiles do not usually assume the 2/3-power profile shape, containing perturbations such as 
bars, troughs and steps. Others have found compound profiles, introducing a perturbation at 
the intersection of two 2/3-power profiles, to more appropriately represent some mean profile 
shapes (e.g. Inman et al., 1993; Patterson and Nielsen, 2016). Thus, it is important to consider 
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profile shapes that deviate from monotonic profiles for net sediment transport occurring during 
profile response.  
Many field investigations of profile response to SLR have focused on the shoreline response 
(Komar et al., 1991). The shoreline is an easily measurable and consequently attractive state 
parameter, but its definition is subject to different interpretations (Boak and Turner, 2005), 
which could result in various measures of recession. When applying the Bruun Rule to a 
monotonic profile described by Eq. (1.1.1), the shoreline, berm crest and possibly an offshore 
limit are the only features that are easily distinguishable for measurement of profile recession. 
Natural profiles, on the other hand, have other features that can be reliably identified, such as 
bars, troughs and steps. However, these features of the surf zone can be changeable, so their 
feasibility as reliable state indicators in nature is uncertain.  
Subaerial beach profiles are also variable and typically not square-topped like Figure 1.1.1, 
which will affect the recession due to variability in the sediment budget of the subaerial profile 
(further discussion around this is provided in Chapter 3, Section 3.5.5). Therefore, a new model 
that also assumes profile shape maintenance and volumetric conservation but uses a measured 
profile that may contain perturbations will be investigated. A general Profile Translation 
Model, henceforth PTM, has been developed and is presented in Chapter 3 (Section 3.3.5), and 
will be assessed alongside the original Bruun Rule (1962), Rosati et al.’s (2013) modification 
as well as a simplified version of Dean and Houston’s (2016) model. To better resolve the 
recession parameter, R, it may be useful to consider the entire active profile, given that it is not 
just the shoreline that recedes. Chapter 3 (Section 3.3.6) presents a method to calculate the 
mean recession of the profile, Rm, that can be compared along with the observed shoreline 
recession, Rshore, with the predictions provided by the four models. 
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2.3 Management strategies for coastal erosion  
As presented in the Introduction, the research conducted here is considering profile 
responses to raised water levels, and part of the investigations include using nourishment to 
reduce the amount of recession, compared with non-nourishment experiments. This section 
presents some of the literature relevant to this aspect of the research.  
2.3.1 Sediment selection 
Dean (1977) initially developed his framework for the dynamic equilibrium, 2/3-power beach 
profile shape, Eq. (1.1.1), to find a broadly applicable and straightforward method to describe 
natural shoreface profiles for forecasting the response of beaches to nourishment; for which 
some of his later work was focussed (Dean, 2002). Describing a profile by Eq. (1.1.1) allows 
quantitative predictions of dynamic equilibrium profile responses to nourishment by 
considering the effect of the beach material used, described by the scaling parameter, A, for 
which ANative and ANourish represent the native and nourishment material, respectively. Figure 
2.3.1 demonstrates some of the potential equilibrium responses of a beach profile to various 
nourishment materials producing different A values. When using the same grain size to nourish 
a beach, ANourish = ANative, a linear relationship for the equilibrium-response shoreline 
displacement, Δxs, may be anticipated, Eq. (2.3.1), resulting in a seaward shift of the entire 
active profile. When ANourish > ANative, an increased beach width is anticipated for the same 
volume due to the tendency for larger grains to gather toward the shore and produce steeper 
profiles, however, the nourishment does not extend to the offshore limit of the underlying 
sediment. Recently, When ANourish < ANative, the nourishment sediment will tend to be 
transported offshore, elevating the bed towards the equilibrium slope corresponding to the finer 
sand and the effects may not be as apparent at the shoreline. However, a reduced profile slope 
may lead to increased energy dissipation before the waves reach the beach, reducing erosion.  
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Figure 2.3.1: Dynamic equilibrium profile responses to nourishments of varying 
nourishment sediment sizes (ANourish) relative to the native sediment (ANative), (adapted from 
Dean, 1991, figure 25). Grey regions indicate the deposition of the nourishment sediment. 
Ludka et al. (2018) presented the results of a study of four nourishment schemes in 
California which placed the nourishment as berms on the subaerial beach, three with sediment 
coarser than native and one with a similar (perhaps slightly smaller) sediment size (see Ludka 
et al., 2018, their Table 1). The single nourishment that used sediment of similar size to the 
native beach was transported offshore very quickly with an “unexceptional” storm, and the 
beach returned to its pre-nourishment volume within a year. The other three nourishment berms 
persisted for several years following the nourishment, providing a buffer against multiple 
“energetic” winters, the nourishment volume has been gradually reducing by dispersion 
alongshore. 
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As the depth of incipient motion is inversely proportional to sediment size (i.e. the Shields 
parameter, Shields, 1936), greater volumes of finer sediments may be required to achieve 
desired near-shore results. Therefore, it is preferable to use nourishment sediment that is the 
same, or slightly coarser than the native to promote beach accretion. The experiments presented 
here (Chapter 5) used the same sand for the nourishment as that from which the rest of the 
laboratory beach profile is composed.  Applied to a dynamic equilibrium profile, when 
AF = AN, Dean (2002) states: “every element of the nourished profile will be displaced the 
same distance seaward over the vertical active dimension of the profile” and the shoreline 
change is represented by: 
 𝛥𝑥𝑠 =
−𝑉𝑁
(ℎ∗ + 𝐵)
 2.3.1 
where VN represents the additional volume of the nourishment. 
2.3.2 Nourishment placement 
One question that comes to mind when considering nourishing a beach profile is: where to 
place the material? A few general options to consider in the cross-shore profile are the beach, 
the surf zone or the shoreface (Figure 1.3.1). Examples of nourishment in the field exist for 
many different locations throughout the active profile (e.g. Davis et al. 2000; Hamm et al., 
2002; Stive et al., 2013; Brutsché et al., 2015; de Schipper et al., 2016). However, there appear 
to be few comparative studies of the effectiveness and response of the different nourishment 
locations on the same beach.  
Verhagen (1992) advised that the placement of appropriately sized nourishment material is 
of little importance as the waves ultimately determine the response and redistribution of the 
nourishment and argue that for this reason, the nourishment location should be determined by 
wherever the dumping is cheapest. Laustrup et al. (1996) compared the benefit/cost ratio of 
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shoreface versus beach nourishment locations in Denmark and summarised the benefits of the 
two methods. Beach nourishment gave better dune-foot protection with immediate effects 
within the problem area which may be politically preferable as the public quickly sees its 
effects. Contrariwise, Verhagen (1992) cautions against the loss of a nourished beach width as 
a response to the first storms, resulting in erroneous assumptions by the public that the 
nourishment was unsuccessful. Laustrup et al. (1996) summarised the main benefits of the 
shoreface nourishment as being less costly (approx. 30% less per unit volume), no beach 
machinery required (offshore operation), and more applicable to smaller nourishment projects 
due to relatively low-cost plant mobilisation.  
Laustrup et al. (1996) also detailed three common nourishment design objectives as (i) 
coastline stabilisation, (ii) coastal protection, and (iii) widening of the beach. They found 
shoreface nourishments to improve all three of these design parameters over time, resulting in 
a more efficient long-term response. Given the shoreface nourishment may be the better option 
in the long run; with benefit/cost ratios increasing over time strengthens the case for shoreface 
nourishment. However, beach nourishment provided better cost/benefit ratios initially and 
more effective short-term protection and so may be preferable for interim protection of assets 
threatened by already-eroded coastlines. Differences between the nourishment mound slope on 
the beach face and the local equilibrium profile slope can affect its longevity and determine its 
cross-shore and long-shore influences (e.g. McNinch and Wells, 1992; de Schipper et al., 
2015). Elko et al. (2016) commented on the functionality of nourishing the upper subaerial 
beach as a multifunctional coastal protection measure, mitigating wave-induced erosion and 
promoting dune establishment.  
In Australia, the City of Gold Coast council has performed numerous nourishments in 
different locations, employing a range of different techniques; to both provide defence against 
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storms as well as maintain beaches as recreational amenities. Bruun (1988b) suggested that 
with the appropriate nourishment material, offshore placement may provide a more cost-
effective solution than other areas to protect shorelines and stabilise beaches. While the 
nourishment location in the active profile should not matter, given sufficient time for 
equilibrium responses, for more acute events or short-term processes (e.g. profile response to 
storms), the nourishment placement may be essential to optimise protection or recovery. 
In the field, many factors are occurring that may influence the effectiveness and longevity 
of nourishment. A Queensland Beach Protection Authority, BPA, report (BPA, 1988) 
published results of a relatively small beach (200,000 m3) and nearshore (100,000 m3) 
nourishment of the Gold Coast, Australia. In 17 months, the area lost 35% of the original 
nourishment volume, which was considered a favourable result. Laustrup et al. (1996) reported 
an entire beach nourishment lost within ¾ of a year, while a shoreface nourishment only lost 
40% of its volume in 2 years. Davis et al. (2000) found that the wave energy, long-shore 
transport characteristics and packing of nourishment to be key determining factors in the 
longevity of beach nourishment. Nourishments were effected by pumping a sand slurry from 
barges at two of three sites and a belt conveyor at the third. The belt conveyor method resulted 
in more loosely packed sand and higher rates of loss during the initial adjustment to the local 
conditions. In the following four to eight years, the average volume loss of nourishment was 
about 25%, which was considered very successful. Considering the persistence required for 
sediment in a coastal cell to offset gradual erosion associated with SLR, all of the above loss 
rates of the nourishment volume are unacceptable. Nourishment tends to be a localised effort 
but to offset recession due to larger scale effects such as SLR, the entire coastal cell may require 
a nourishment strategy to minimise long-shore variability.   
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2.3.3 Nourishment to mitigate effects of sea level rise 
This section explores the concept of nourishing a profile specifically to reduce erosion 
associated with sea level rise. From the Bruun Rule (Chapter 1, Section 1.1), the recession of 
the coast in the presence of SLR is due to the maintenance of the depth of the active profile 
relative to the still water level. Therefore, if a sufficient volume of sediment can be introduced 
to raise the offshore profile by the same amount as SLR, then no net-erosion may occur. 
However, to date, few studies into the application of nourishment to minimise erosion resulting 
from SLR have been conducted. Beach nourishment on the shore of Lake Michigan may have 
reduced the shoreline recession caused by rising lake levels (Hands,1979); however, no 
quantitative data were available regarding the nourishment, and it was not explicitly designed 
to offset retreat under rising water levels. Clearly, longshore processes can often play a major 
role in the morphodynamics of a littoral cell and as demonstrated in Hand’s (1979) report, 
gradients in longshore sediment transport can increase or reduce recession in the presence of 
rising water levels. Regions where longshore sediment transport results in progradation of the 
beach in the presence of SLR may be useful to consider input volumes required for remediation 
of erosion occurring elsewhere. Determining the response of an entire coastal cell that exhibits 
longshore variability to a nourishment scheme using simple one-line models such as the Bruun 
Rule and its variants would be inappropriate. However, the purpose of this research is to 
consider the conceptual solution of offsetting SLR-induced recession by introducing sediment 
to coastal cells where benefits of such an exercise may outweigh the costs. Considerations 
regarding the practical application and complexities associated with 3D processes is open to 
future research. 
Cowell et al. (Cowell et al., 1992, their Fig. 5) provided an example simulation using their 
Shoreface Translation Model (STM) where SLR-driven recession may be prevented by adding 
a volume of sediment that allows the profile to translate upward with SLR, but not recessing 
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any further landward. Stive et al. (1991) considered the possibility of nourishing a profile to 
offset recession with sea level rise. Their "parametric behaviour model" indicated that 
repetitive nourishments of either the beach or shoreface might be able to compensate the 
shoreline recession due to SLR, for a time at least. In their example, the volumetric requirements 
for the shoreface nourishment scheme were 25% greater than the beach nourishment scheme. 
However, the model indicated a higher risk of a lag effect with beach nourishment, due to the 
increasing morphodynamic timescales with depth through the shoreface. The exclusive use of 
beach nourishment to counteract SLR-driven transgression could result in a volumetric deficit 
on the lower shoreface. Increased recession rates would follow, due to the catch-up required of 
the lower shoreface profile.   
Leatherman (1993) presented the volume of nourishment sand required to prevent shore 
recession with SLR over the following century. Using dredging and sand costs obtained at the 
time, the estimated value of nourishing all US recreational beaches over the first 20 years 
(comprising approximately 3,000 km of coastline) was US$5.9 billion (US$88 billion for the 
centurial forecast), far less than the overall national value of the coastal property. However, 
these figures represent upper bounds, local valuations would be variable, and retreat may be 
the more economically sound option in some areas, but in other, key locations, long-term 
regular nourishment schemes may be a viable option. 
Given the influence of long-shore transport in the losses of nourishment sediment, to 
counteract SLR induced erosion, the entire coastal cell may need to be nourished. For example, 
the Gold Coast (Australia) coastal cell stretches for approximately 50 km between Tweed 
Heads and South Stradbroke Island, to reduce the impact of long-term effects, the whole cell 
would need to be nourished. Assuming a typical Gold Coast cross-shore profile may extend 
approximately 1.1 km from the back beach to a depth of roughly −20 m AHD (Patterson and 
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Nielsen, 2016, their Fig. 5), to raise the entire Gold Coast Profile up by 1 m to offset short-term 
SLR would require a nourishment volume of the order of 56 million m3. The City of Gold Coast 
Council has recently completed a sizeable surf zone nourishment project which introduced 
approximately 3 million m3 to the nearshore zone by bottom dumping and rainbowing, where 
the nourishment material was sourced from offshore sand deposits (COGC, 2017). The cost for 
a 60,000 m3 replenishment was AU$800,000, averaging AU$13.3/m
3 (COGC, 2013). A 
scoping study that investigated maintaining the beaches at Sydney, Australia against sea level 
rise reported a cost estimate of AU$300 million for a 12 million m3 nourishment (SCCG, 2010). 
Therefore, the total price to raise the entire Gold Coast coastal cell is likely to be of the order 
of AU$1 billion. 
One of the more prominent nourishment experiments in the literature of recent years is the 
‘Sand Engine' project. It also appears to be the only field nourishment conducted to date, 
specifically intending to mitigate the effects of the SLR-driven recession. Stive et al. (2013) 
describe the mega-nourishment project as the remediation strategy. The Sand Engine 
(completed in northern hemisphere summer, 2011) was a concentrated nourishment effort with 
a total deposition volume of approximately 24 million m3, of that, 17 million m3 was deposited 
as a single, large promontory that covered about 2.4 km of coastline and extended one kilometre 
offshore. The sand (sourced from 5-10 km offshore) was placed in a concentrated region of the 
Dutch coast located on the beach and nearshore. The methods of construction used dumping 
and spraying in the nearshore and pumping through pipes ashore for the beach (de Schipper et 
al., 2016).  Natural dispersive processes were intended to supply sediment to a broader area 
(approx. 10km alongshore) through long-shore transport driven by the wave climate and the 
lifetime of the nourishment was anticipated to be of the order of 20 years. Two years after the 
completion of the project, Stive et al. (2013) reported that the Sand Engine was developing as 
anticipated. Of course, more time is required to determine how well the nourishment is 
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performing with regards to mitigating the effects of climate change and SLR. De Schipper et 
al. (2016) provided further descriptions of the development and reported that over the first 17 
months, approximately 11% of the original volume was lost form the peninsula. Of that loss, 
72% was quantified to contribute to the accretion of neighbouring areas of the coast, either side 
of the Sand Engine and the most substantial changes occurred in the adjustment period of the 
first six months. 
Walstra et al. (2008) reported on lee- and feeder-effects induced by a nourishment mound 
located in the outer trough of a multiple bar system. Similar lee-effects have also been reported 
in small-scale laboratory experiments (Smith et al., 2017a). After a period of benefit, when the 
nourishment has decayed sufficiently, the remaining sediment may have been lost from the 
target area with offshore and long-shore sediment transport processes. However, considering 
the cyclic bar behaviour in the region, it may not be permanently lost, but instead integrated 
into the natural variability of the system, Walstra et al. acknowledged insufficient knowledge 
about the process to make any firm conclusions. 
Elko et al. (2016) presented a summary of a workshop regarding dune management 
challenges for the future and noted that developed coastlines with infrastructure preventing 
dune system transgression are likely to be most susceptible to erosion issues with SLR. In these 
cases, if abandonment of the area is not an option, the beach and dune system would probably 
need to be maintained through nourishment schemes, or substantial hard engineering 
approaches, such as the construction of dykes or seawalls. Regarding hard engineering 
approaches, Beuzen et al. (2018) investigated the impacts of vertical and sloped sea walls on 
profile responses to SLR. They found that the erosion demand to raise the profile in the presence 
of seawall structures was the same as that without, however, due to the restricted access to 
landward sediment, this resulted in increased erosion of the beach adjacent to the seawall, 
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which may result in the beach completely disappearing, leading to more wave energy arriving 
at the shoreline, increasing the risk of inundation. They proposed a method to counteract the 
beach loss in front of the seawall through a nourishment scheme. Therefore, it seems that some 
form of nourishment may always be required to maintain a beach. 
Recently, de Winter and Ruessink (2017) used X-Beach to investigate the potential effects 
of various nourishment strategies to mitigate recession due to sea level rise and climate change. 
They used the same volume of sand for each experiment, determining the amount by the cross-
shore horizontal distance of an active profile between -15m and + 3m relative to mean sea level 
and multiplying it by the forecast SLR. The model results suggested that the method and 
location of the nourishment may change the effectiveness of the added sediment, which was 
assessed based upon the reduced dune erosion volume. One scenario investigated was to raise 
the entire active profile by the same amount as the SLR, but this scenario was not the most 
effective. Placing the nourishment in more landward regions was found to be more efficient. 
2.3.4 Previous laboratory investigations into nourishment 
Previous flume experiments investigating nearshore nourishment mounds have been of 
relatively short duration, and the water levels have remained static (e.g. Otay, 1994; Shibutani 
et al., 2011). Otay (1994) conducted some experiments investigating nearshore mound 
nourishments with three different wave conditions, commencing with a strongly accretive set 
of waves, followed by two erosive conditions. The total combined duration of the four 
experiments was just 4.5 hours. They measured profiles before and after each test and 
calculated the net sediment transport, which commonly indicated a peak in the sediment 
transport at the shoreward face of the nourishment mound. However, due to low spatial 
resolution (δx = 0.1 m around the berm, 0.5 m elsewhere) and accuracy of the profiling 
technique, large closure errors were present. They could only consider immediate responses of 
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the berm to the various wave conditions due to the uncertainties related to the spatial resolution 
and short experiment durations. 
Dette et al. (2002) used profile response data from a variety large-scale experiments to 
investigate potential beach responses to nourishment. The suite of works provides a useful, 
overview of various projects, for which the authors suggest may help understand beach 
responses to different wave climates (erosive and accretive), including storms, and therefore 
may be considered for potential nourishment responses to various wave conditions. Many of 
the experiments were concerned with dune erosion and beach responses under a variety of wave 
climates, only one pair of trials (Supertank, Kraus et al., 1992) specifically investigated the 
effects and response of nourishment mounds. The Supertank experiments (Kraus et al., 1992) 
detailed two different nourishment mounds introduced in the same region of a profile in the 
form of narrow- and broad-crested mounds (Dette et al., 2002, their figure 38). The broad-
crested mound was more persistent and resulted in shoreline accretion, but sediment from the 
nourishment was transported predominantly seaward of the original mound location. The 
narrow-crested mound was dissipated more readily by the waves, the sand diffused either side 
of it and did not prevent shoreline recession.   
Walstra et al. (2008) also ran accretion and erosion wave flume experiments with two 
different nearshore nourishment mound designs. The first was placed seaward of the main 
breaker bar with the crest maintained at the bar crest depth. The other was landward of the 
breaker bar, filling the trough and raising the mound crest above the bar crest elevation (Walstra 
et al., 2008, their figure 4.1). They observed sediment accumulation offshore of the bar for the 
erosive case and landward of the bar for the accretive instance. Neither of the nourishment 
designs completely prevented erosion of the upper profile; however, they did reduce it. 
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Grasso et al. (2011) presented results of physical model flume experiments using low-
density (plastic) sediment grains. They investigated the response to an arriving storm of three 
different nourishment locations (on the outer bar, in the bar-trough, and on the beach face).  
The storm simulation consisted of varying wave heights (no water level change), corresponding 
to a storm's approach, apex and waning phases. Each of the nourishment locations mitigated 
the shoreline retreat to varying degrees and the position also affected the wave transformation 
processes and hydrodynamics, influencing the sediment transport in various regions of the 
nearshore profile. They also demonstrated the tendency for storm events to sort the 
nourishment material, with coarser sediment grain sizes ending up on the bar crest, beach face 
and berm, potentially steepening the beach face gradient. 
Recently, Smith et al. (2017a) and Smith et al. (2017b) presented results of wave basin 
studies on nearshore mound “feeder berm” (McLellan and Kraus, 1991) placements. After 120 
minutes of waves, the nearshore placement lost 82% of the original nourishment, and the 
offshore site reduced by 53%.  Brutschè et al. (2014) documented similar responses in the field, 
where nourishment in deeper water demonstrated more persistence than a near-shore placement 
that was more readily transported away with alongshore currents. Smith et al. (2017b) 
presented results of a slightly longer experiment, monitoring sediment placed in the breaking 
region of the waves over 10 hours. The nourishment was found to remain in the littoral zone, 
with a spread down drift and slightly offshore due to combined effects of long-shore current 
and undertow. They noted the nourishment mound height decreased by 73% over 10 hours; 
however, the volume in the nourishment footprint area only reduced by 46% due to the mound 
flattening.   
Few laboratory flume investigations into beach nourishment strategies have been 
undertaken, and no investigation of nourished profile response to changed water levels seems 
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to have occurred. The tests conducted to date have also been of relatively short duration, 
meaning profile development before and after nourishment may have been affected by a lack 
of equilibration. While there are inevitable uncertainties when attempting to extrapolate small-
scale model results to larger scales (Vellinga, 1982; Verhagen, 1992; Dette et al., 2002). 
Reduced scale model profiles can behave in qualitatively similar ways to prototype-scale and 
natural beaches. Therefore, an investigation into nourishment responses using laboratory wave 
flumes may reveal insights into the nature of profile response to nourishment. The profile 
development occurring at each water level for the nourishment experiments presented in 
Chapter 5 are far longer than any previous studies.  
2.4 Summary 
2.4.1 Equilibrium profiles 
The broad area of beach morphodynamics and concepts of equilibrium profiles (dynamic 
and static) includes a large body of works spanning over half a century. The term equilibrium 
profile has been used quite broadly, which can lead to confusion. The monotonic 2/3-power 
profile is also known as the dynamic equilibrium profile. It results from a quasi-steady climate 
that consists of variable controls, such as wave height, wave period, wave direction, and water 
level. The dynamic equilibrium profile shape seems to be a reasonable fit for many mean 
profiles, although other fits may be more accurate at different locations (Dean, 1977, Inman et 
al., 1993, Patterson and Nielsen, 2016). Producing dynamic equilibrium profiles in the 
laboratory is impractical, requiring very long durations of variable wave climates and water 
levels. 
In contrast to dynamic equilibrium profiles, static equilibrium profiles require a reduction 
in control variables, laboratory beach profile development often occurs with stationary wave 
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conditions, constant water levels and with a lack of wind. Therefore, static equilibrium profiles 
may only be achievable in the laboratory; however, the research of Swart (1974) and Dalrymple 
and Thompson (1976) indicate that even these may require extremely long experiment 
durations, if they may be attained at all. Small changes that continually occur under wave action 
with a mobile bed may result in ongoing, variable profile responses and limit-state cycles 
through feedback processes. Profiles are expected to progress toward equilibrium at 
exponentially decaying rates, and a morphological timescale, Tm, may be associated with 
profile change indicators. Exponential decay also means that equilibrium may take a very long 
time to occur, depending on Tm. Therefore, it is important to consider the duration of laboratory 
experiments and the rate changes of various profile change indicators to determine when a 
sufficient degree of equilibration is attained, as opposed to an actual static or dynamic 
equilibrium state.  Static equilibrium profiles may only be attained under controlled laboratory 
environments. Profile slopes in reduced scale laboratory physical models are typically steeper 
than those encountered in the field due to issues with sediment scaling. While profiles in the 
field tend to have gradients shallower than 1/60, laboratory beach profiles tend to feature 
gradients of the order 1/10 to 1/30. 
Numerous laboratory studies have occurred which have investigated the development of 
static equilibrium profiles under monochromatic waves, while few have been conducted to 
investigate their development under random waves. The present research requires profiles to 
attain near-equilibrium states, and so presents an opportunity to investigate some aspects of 
beach profile dynamics further and consider the concepts of equilibrium beach profile 
responses.   
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2.4.2 The Bruun Rule 
Equilibrium profiles are central to the Bruun Rule (Bruun, 1962); however, there seem to 
be few laboratory flume physical model studies that investigate cross-shore beach responses to 
raised water levels.  Bruun (1962) used the concept of a dynamic equilibrium to demonstrate 
his simple model for predicting coastal response to SLR, the Bruun Rule. Producing a 
laboratory beach profile in dynamic equilibrium with a variable wave climate that represents 
that which occurs in nature is not within the scope of this work. However, the assumptions that 
form the Bruun Rule to predict transgression of a profile to SLR (conservation of equilibrium 
profile shape relative to the still water level and volumetric continuity) should also hold true 
for static equilibrium profiles developing under a stationary wave climate, and at any scale. 
The Bruun Rule has many simplifying assumptions, which others have attempted to address 
by augmenting the original Bruun Rule with additional terms to widen its applicability. Until 
this research commenced, only one set of extremely small-scale experiments testing the 
original Bruun Rule in a controlled laboratory setting had occurred (Schwartz, 1967) and 
laboratory testing was yet to occur for the modifications of Rosati et al. (2013) and Dean and 
Houston (2016). This work addresses these gaps in the research by conducting a series of new 
experiments where profiles are developed to near-equilibrium states under simplified 
laboratory scenarios at one water level before raising the water level and continuing the waves 
to reattain equilibrium and measure the response.  
2.4.3 Nourishment 
Soft engineering strategies, such as beach nourishment have become a frequent option to 
protect beaches against erosive processes. Dean (2002) used the idea of the dynamic 
equilibrium 2/3-power mean profile to develop a framework for predicting beach profile 
responses to nourishment. Although nourishment is now a common practice, there have been 
60 
 
relatively few studies of nourishment strategies in laboratories, and there do not appear to have 
been any that have investigated the response of nourishment on a profile also subjected to a 
raised water level. Experiments were conducted as part of this research to investigate such 
responses. 
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3 Methodology 
This Chapter presents the methods employed for the experimental research conducted and 
presented in this thesis. Section 3.1 provides some general information on concepts regarding 
scaling and scale effects. Section 3.2 presents various aspects involved in the setup, operation 
and data collection of the laboratory experiments. Section 3.3 details some of the data 
processing and analysis procedures. Section 3.4 describes the methodology specific to the non-
nourishment experiments, presented in Chapter 4, and Section 3.5 provides the methodology 
specific to the nourishment experiments, presented in Chapter 5. 
3.1 Scaling and Scale effects  
This section considers the application of reduced-scale movable bed physical modelling to 
coastal profiles. Note that this is only a very brief summary of some fundamental scaling laws 
and possible effects. Therefore, the interested reader is referred to the works of Hughes (1993), 
van Rijn et al. (2011), and Frostick et al. (2011) for a more comprehensive overview. 
3.1.1 Scaling criteria 
Scale ratios describe the difference in scale between the prototype and model. Following 
Hughes (1993), the prototype-to-model scale ratio is:  
 𝑁𝑃 =
𝑃𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒
𝑃𝑚𝑜𝑑𝑒𝑙
 3.1.1 
where P is some scaled parameter, such as dimension or time. Geometric scaling refers to the 
length scale ratio, NL, of a model. An undistorted length scale model means the horizontal and 
vertical length scales are equal (NLx = NLy = NLz), which is typically the preferred design option. 
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Perfect similitude between the prototype and model requires dynamic scaling, where all 
forces ratios are equal and that the “ratio of the inertial forces between prototype and model be 
equal to the ratio of the sum of all the active forces” (Hughes, 1993, p.61). Unfortunately, it is 
not usually possible to fully meet these criteria due to restrictions in materials and gravity. 
Hughes (1993) and Frostick et al. (2011) advise the most critical scaling criterion for coastal 
engineering hydrodynamics are the Froude and Reynolds numbers. Usually, the Froude 
criterion is considered the most important as it accounts for the inertial and gravity forces, 
requiring time to scale as the square root of the length scale:  
 𝑁𝑇 = √𝑁𝐿 3.1.2 
which also provides kinematic similitude. The Reynolds criterion is vital for correct scaling of 
viscous forces, but with priority assigned to Froude scaling, Reynolds similitude is typically 
unachievable due to the lack of a suitable substitute for water to adjust the kinematic viscosity 
(Hughes, 1993).  
3.1.2 Sediment scaling 
Sandy beach sediment transport is well known to be affected by some unavoidable scale 
effects when attempting to model at reduced scales. One of the key restrictions to the geometric 
scaling of sediment is due to cohesion in natural sediments with grain sizes smaller than sand 
(e.g. d50 < 0.06mm). Lower density sediment has been investigated to try and improve some of 
the scale effects related to Reynolds scaling and sediment fall velocity, ws (e.g. Grasso et al., 
2009). However, lower density sediments typically fail to produce the smaller morphological 
features that require the stability provided by the packing, density and shape of marine quartz 
sand particles (e.g. Nayak, 1970; Moggridge, 1974; Gourlay, 1980; Dalrymple, 1989; van Rijn 
et al., 2011) and there can be issues with bar formation due to fluidisation from horizontal 
pressure gradients associated with wave breaking and poor swash zone morphologies (Baldock 
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et al., 2010). While it is important to try to maintain representative sediment transport 
relationships through as much of the active profile as possible, as scale reduces, velocities (and 
associated turbulence) reduce and it becomes harder to simultaneously achieve across different 
regions that have different primary modes of sediment transport (i.e. the shoreface and surf 
zone, Hughes, 1993).  
While some scale effects are inevitable in reduced scale physical models, beach evolution 
in similar sized laboratory conditions to those in the present study have been compared with 
that of much larger scale facilities and found to exhibit quantitatively comparable patterns in 
sediment transport for erosive and accretive conditions (Baldock et al., 2011). Experiments at 
both scales also showed features that are typical of natural beaches, e.g. formation of scarps, 
beach berms, beach steps, breaker bars and troughs. Van Rijn et al. (2011) compared profile 
development in laboratories over three different scales and found the shoreline recession to be 
in good quantitative agreement between all three scales; however, due to finer sand in the 
smallest scale, the offshore profile was smoother. The coarser sediment used in the present 
experiments (Section 3.2.4, below) would be less likely to suffer this effect so may generate 
more realistic subaqueous profile shapes. For example, Figure 3.1.1 depicts a profile measured 
in the field and one from a flume model in the present research. The similarities between the 
surf zone profiles are obvious, but the horizontal and vertical scales are distorted. It is known 
that the use of sediment size similar to that of prototype conditions results in distortion between 
horizontal and vertical scales (Vellinga, 1982), producing steeper profiles at smaller scales.  
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Figure 3.1.1: Comparison of double-barred profiles in the field and laboratory. a) Prototype 
field profile (Digitised from Wijnberg, 1996, figure 3). b) Reduced scale laboratory flume 
profile measured during this research.  
Baldock et al. (2017) recently applied Hattori and Kawamatta’s (1980) beach change 
parameter to consider the potential scaling between the typical scales of the present laboratory 
flume and field profiles. They suggested that the beaches may represent a distorted model, 
where the underlying 1/10 slopes employed in the laboratory may be more representative of 
beach face gradients in the field that are in the order of four times shallower. The surf zone 
profile slopes may be more distorted though. A distortion factor of six (i.e. NLx = 6NLz) is 
required to scale up the laboratory profile in Figure 3.1.1b to that of the field profile in Figure 
3.1.1a (Figure 3.1.2). 
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Figure 3.1.2: Laboratory profile vertically up-scaled by the relative bar crest depths, 
NLz ≈ 27. The horizontal distortion requires increasing by a factor of six to represent a 
similar profile width, i.e., NLx = 6NLz. 
3.1.3 Scale effects regarding laboratory investigation of the Bruun Rule and 
issues simulating dynamic equilibrium profiles  
The initial aim of this research was to investigate the applicability of the Bruun Rule in new 
laboratory physical models. However, even at massively reduced scales, it is practically 
impossible to simulate a quasi-steady (variable) wave climate that produces sufficiently similar 
varied responses to natural beaches over the long periods required to generate dynamic 
equilibrium mean profiles. A significant factor in the restrictions is due to Froude scaling, Eq. 
(3.1.2), whereby, even large values of NL yield relatively small changes to the timescale. 
Therefore, simulating the natural processes and variability to generate an actual dynamic 
equilibrium profile will always require prohibitively long experimental durations.  
Furthermore, the sediment of the appropriate density (i.e. quartz sand) cannot be reduced 
in size much before cohesion affects the sediment transport, this heavily limits the length scales 
that can be justified. Therefore, given sufficient time to discern between the higher frequency 
water level fluctuations and gradual SLR occurring in the background, it may only be practical 
to assess the maintenance and response of dynamic equilibrium profiles in the field. Thus, a 
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rigorous assessment of the Bruun Rule as it was originally proposed, through application to 
dynamic equilibrium profiles was not possible for this project. However, two key principles 
required for the Bruun Rule: geometric similarity and mass conservation should remain true at 
laboratory scales and for static equilibrium profiles. Therefore, this research considers various 
aspects of equilibrium responses of profiles to different wave climates and water levels, where 
the Bruun Rule (1962) and two recent variants (Rosati et al., 2013; Dean and Houston, 2016) 
are applied to investigate its predictive capability in this context.  
3.1.4 Scaling summary  
With increasing duration, other scale and laboratory model effects may become more 
problematic. Physical models represent simplified scenarios with the benefit of isolating 
variables, however at reduced scale to the prototype, some scale effects are unavoidable 
(Hughes, 1993). Despite this, reduced scale laboratory flumes can generate beach profiles with 
many of the same features as those found in the field (i.e. Figure 1.3.1 and Figure 3.1.1) with 
many of the sediment transport mechanisms automatically included through the 
hydrodynamics associated with natural wave propagation and transformation processes and 
respond at reduced timescales. Cross-shore profile responses can also be quantified with more 
accuracy and confidence in the absence of long-shore processes and are more financially 
feasible and accessible. Due to uncertainties and issues regarding scale and model effects, no 
specific beach, shoreface or wave climate is attempted to be modelled here. However, due to 
the morphological similarity to naturally occurring beach profiles, it is considered appropriate 
to be assessing aspects of beach profile responses to changing water levels at the scales 
presented and physical modelling to investigate beach response induced by varying water 
levels is warranted.  
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3.2 Experiment Overview, Preparation, Instrumentation and 
Laboratory Procedures 
3.2.1 Experiment Overview 
Table 3.2.1 lists of all the experiments conducted during this research. The table provides 
brief descriptions, the experiment ID, the wave spectrum type (monochromatic, Pierson-
Moskowitz, or Jonswap with default spectral shape parameters, peak enhancement factor = 
3.3), the initial profile shape at the initial water level, preceding experiments (where the profile 
was not reset to planar, see Section 3.2.4), wave parameters (Hsig and Tp), the Gourlay number 
calculated using Hsig, Tp, and ws = 0.04 m/s (see Section 3.2.4, below), water level change and 
total duration of waves at each water level. The total experiment dataset consists of over 2,400 
hours of profile change data.  Appendix A provides many additional data plots of the profile 
development for each water level of each experiment that could not be included in the thesis.  
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Table 3.2.1: Experiment Overview. Note, where Spectrum is not monochromatic wave height, H = Hsig and period, T = Tp. 
Initial profile Preceding H sig T p Ω Initial h 0 ΔSWL tSWL 0 tSWL 1
shape Experiment (m) (s) (-) (m) (m) (h) (h)
Incremental Test IE1 Jonswap 1/10 - 0.150 1.3 2.88 1.000 0.075 7.67 26.33
Step Test SE1 Jonswap 1/10 - 0.150 1.3 2.88 1.000 0.075 6 26.33
Cyclic Bar Case E1C Pierson-Moskowitz 1/10 E1 0.130 1.20 2.71 0.665 0.000 49 393
Erosive Waves, Planar1/10  #1 E1 Pierson-Moskowitz 1/10 - 0.130 1.20 2.71 0.600 0.065 49 51
Erosive Waves, Planar 1/10 #2 E2 Jonswap 1/10 - 0.125 1.20 2.60 0.600 0.065 50 50
Erosive Waves, 2/3-power prof. #1 E3 Jonswap Ax
2/3 - 0.125 1.20 2.60 0.600 0.065 54 50
Erosive Waves, 2/3-power prof. #2 E4 Jonswap Ax
2/3 E3 0.125 1.20 2.60 0.665 –0.065 50 50
Erosive Waves, Planar 1/15 E5 Jonswap 1/15 - 0.160 1.18 3.39 0.600 0.050 24 18
Mild Accretive Waves A1 Monochromatic 1/10 - 0.060 1.50 1.00 0.600 0.050 12 12
Strong Accretive Waves A2 Monochromatic 1/10 - 0.070 2.00 0.88 0.600 0.035 12 12
Random Accretive Waves A3 Pierson-Moskowitz 1/10 - 0.070 2.00 0.88 0.600 0.035 41 40
C1 Pierson-Moskowitz 1/10
Barred Profile 
(Shimamoto 2016 
Sequence)
0.056 (95%) | 0.140 (5%) 1.00 1.4 | 3.5 0.600 –0.03 56 77
C2 Pierson-Moskowitz 1/10 C1 0.056 (95%) | 0.140 (5%) 1.00 1.4 | 3.5 0.570 –0.03 77 91
C3 Pierson-Moskowitz 1/10 C2 0.056 (95%) | 0.140 (5%) 1.00 1.4 | 3.5 0.540 0.030 91 56
C4 Pierson-Moskowitz 1/10 C3 0.056 (95%) | 0.140 (5%) 1.00 1.4 | 3.5 0.570 0.030 56 77
C5 Pierson-Moskowitz 1/10 C4 0.056 (95%) | 0.140 (5%) 1.00 1.4 | 3.5 0.600 0.030 77 98
C6 Pierson-Moskowitz 1/10 C5 0.056 (95%) | 0.140 (5%) 1.00 1.4 | 3.5 0.630 0.030 98 63
Bermed Profile, 
Nourishment. Chapter 5.
Berm Nourish NA1 Monochromatic 1/10 - 0.070 2.00 0.88 0.600 0.035 65 233
Berm Nourish NE1 Jonswap 1/10 E2 0.125 1.20 2.60 0.665 0.065 50 50
Surf Zone Nourish NE2 Jonswap 1/10 - 0.125 1.20 2.71 0.600 0.065 50 50
Shoreline Nourish, 2/3-power prof. NE3 Jonswap Ax
2/3 E4 0.125 1.20 2.60 0.600 0.065 50 100
Surf-Zone Nourish, 2m flume NE4 Jonswap
1/15 (subaqueous) 
1/4 (subaerial)
- 0.113 1.00 2.83 0.500 0.050 150 46
Shoreface Nourish, non-SLR NE5 Pierson-Moskowitz 1/10 - 0.130 1.20 2.71 0.665 - 160 (pre nour.) 88 (post-nour.)
Bermed Profiles, Non-
Nourishment. Chapter 4.
Cyclic Wave Climate. 
Chapter 4.
Dynamic Wave Climate, 
Recover(95%) | Storm(5%)
Barred Profiles. 
Nourishment. Chapter 5.
Experiment Series Brief Description ID Spectrum
Incremental Vs Step. 
Chapter 4.
Barred Profiles. Non-
Nourishment. Chapter 4.
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3.2.2 Wave flumes and instrumentation 
Most of the beach profile evolution experiments presented here were designed to test 
various aspects of profile responses to changes in water level in a one-metre wide wave flume 
at the University of Queensland (UQ). A second flume used in this research also located at UQ 
is two metres wide, which was used for NE4 (Table 3.2.1). Each flume at UQ is 20 metres long 
and operates with offshore water depths between 0.5 m < h0 < 0.8 m (Figure 3.2.1). An 
electronically actuated piston-type wave maker generated waves with active wave absorption 
enabled. Resistance-type wave gauges were used to measure the offshore waves over the 
horizontal bed section of the flume and were typically calibrated daily during testing.  
Experiments IE1 and SE1 were conducted at the University of New South Wales Australia 
(UNSW). UNSW's flume is larger than those at UQ, but the setup was the same, the flume is 
44 metres long and operated at an initial water depth of 1 metre. 
3.2.2.1 Flume channel dividers 
Early testing found that alongshore non-uniformity could occur after extended run times 
with accretion conditions in the flume, complicating investigation of cross-shore two-
dimensional sediment transport processes. The addition of four thin (2 mm) brass plates 
mitigated this, orientated cross-shore with two pairs joined with waterproof adhesive tape, 
dividing the upper shoreface and beach into three equal-width compartments (Figure 3.2.2). 
These dividers typically extended from above the run-up limit into the mid-surf zone and are 
self-supporting, inserted vertically into the sand to a sufficient depth to remain buried during 
the experiment. Figure 3.2.3 demonstrates the two-dimensionality maintained from planar, for 
experiment E2 after 50 hours of waves.  
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Figure 3.2.1:  a) Photo of offshore wave gauge array, waves propagating from right to left. 
b) Photo of the UQ Hydraulics Laboratory 1m width wave flume. c) Wave flume and 
instrumentation schematic (x1 ≈ 3 m; x2 ≈ 7 m; x3 ≈ 6 m; x4 ≈ 2 m; x5 ≈ 2 m; z1 = 1 m).  
  
Figure 3.2.2: Brass 
channel dividers. The 
left figure depicts 
insertion of the dividers 
using wooden planks 
and a slotted baton to 
keep the divider 
straight while being 
hammered into place. 
The right photo depicts 
two pairs of dividers 
inserted into the planar 
profile; each pair is 
joined using waterproof 
adhesive tape. 
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Figure 3.2.3: Plot of eight profiles across tank demonstrating reasonable two-
dimensionality with the initial planar profile and profile measured after 50 hours of waves 
at the initial water level for E2. 
3.2.3 Profile data collection 
Two different methods were used to collect profile data. For A1, a drop stick method was 
employed, which consisted of traversing the profile at 0.25 m increments and measuring the 
vertical distance to the bed from the horizontal top of the flume at three long-shore locations. 
The vertical accuracy of this method was determined to be approximately ±5 mm.  
3.2.3.1 Subaerial and subaqueous high-resolution laser profiler 
For all other experiments, the beach profiles were measured using a non-contact laser 
profiler capable of measuring both the subaqueous and subaerial profiles continuously from 
above the water surface with no bed disturbance and no requirement to drain the flume or 
change water levels. The profiling system was designed and developed during, and specifically 
for this research. The profiler obtains data at a resolution of 1 mm in both the vertical and 
horizontal and the accuracy is ±1 mm and capable of resolving bed ripples and beach scarps 
(not including overhanging sections). The system works by accounting for the different 
refraction coefficient of water compared with air. The distance from the water surface is 
determined and a correction factor for the portion of any distance measured greater than the 
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distance through the air is corrected by using the refraction coefficient. A barcode reader 
provides the horizontal coordinate from a barcode tape permanently fixed to the top of the 
flume. The profiler comprises eight lasers mounted across the flume on a trolley, aligned to 
capture multiple cross-shore profiles along the flume simultaneously by traversing the trolley 
horizontally along the length of the flume (Figure 3.2.1 and Figure 3.2.4). Unless otherwise 
stated, all calculations and model comparisons used the mean profile from all eight lasers. 
UNSW installed the same system with five lasers. Atkinson and Baldock (2016) provide more 
detail of the design and methodology of the system. For convenience, the manuscript of the 
paper is provided in Appendix B. 
 
 
Figure 3.2.4: Laser profiler mounted on a trolley with the eight laser points visible on the 
sand (above) and on the bed through the water (below). 
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3.2.4 Initial beach profile shaping  
As presented in Chapter 2, the 2/3-power profile demonstrated by Bruun (1954) and Dean 
(1977) are reasonable fits to some shoreface mean-profiles; however, opinions vary as to the 
seaward extent of the 2/3-power profile. The following example was also provided by Atkinson 
et al. (2018); Figure 3.2.5a shows multiple profiles taken over 1.5 years from the ‘ETA63’ 
transect on the Gold Coast, Australia (Patterson, 2013). A linear underlying profile exists 
between −15 m AHD and mean sea level (approx. 0 m AHD) and Figure 3.2.5b demonstrates 
a smaller mean-error (given in the legend) associated with the planar profile compared with the 
closest fitting 2/3-power profiles, calculated by varying the A parameter (0.14 m1/3 
≤ A ≤ 0.19 m1/3) in Eq. (1.1.1). Linear profiles also represented some of the best-fit profiles in 
Dean’s (1977) study, i.e. where m = 0 in Eq. (1). The mean error is calculated by:  
 𝑚𝑒𝑎𝑛 𝑒𝑟𝑟𝑜𝑟 = 𝑧(𝑥)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑧(𝑥)𝑓𝑖𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 3.3.1 
where the overbar denotes the average of all values. 
At small scales, beach profiles tend to be steeper (Vellinga, 1982) and a 1:10 profile was 
chosen as it was known to allow ready evolution of both barred and bermed profile types under 
the available wave conditions in the flume (Baldock et al., 2010). Planar starting slopes are 
also useful when trying to achieve comparable starting conditions between different tests, so 
most of the profiles were initially shaped using rakes, shovels and screeded to a 1:10 planar 
slope. The profile was topped by a wide, horizontal berm above the runup limit at the back of 
the beach (Figure 3.2.1b−c). 
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Figure 3.2.5:  a) Profiles of a beach at the Gold Coast, Australia (ETA 63) with multiple 
measurements taken over approximately 1.5 years, with the best fit planar profile shown in 
red. b) 2/3-power law profiles plotted for a range of A values (0.14 ≤ A ≤ 0.18) together 
with the planar profile, red, and the mean of the measured profiles (black). The legend 
shows the mean error of the vertical difference between the mean profile and the idealised 
profiles. Profile data from Patterson (2013), also shown in Atkinson et al. (2018). 
Profiles were comprised of natural marine beach sand, d50 ≈ 0.30 mm with a modal size of 
0.25 mm (Figure 3.2.6) and settling velocity, ws ≈ 0.04 m/s. Closure errors in volumetric 
sediment transport calculations may occur if the sand in the flume is not compacted 
sufficiently; in these experiments, the flume was filled and emptied dozens of times and 
hundreds of hours of waves occurred before the initial tests, resulting in good compaction of 
the sediment throughout the profile. During testing, the portion of the profile that changed was 
required to be reset periodically back to the 1/10, 1/15, or 2/3-power profile (Table 3.2.1). 
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When resetting the profiles, redistributed sediment was carefully compacted manually through 
the entire profile to minimise compaction closure errors.  
 
Figure 3.2.6: Dry sieve analysis results of sediment used in UQ flume experiments, d10 = 
0.18 mm; d50 = 0.30 mm; and d90 = 0.75 mm. 
3.2.4.1 Investigation of planar vs concave starting profile 
To investigate potential differences obtained using a planar and concave-up initial profile, 
E3 commenced from a monotonic 2/3-power profile, shaped according to the form of Eq. 
(1.4.1). The scaling parameter, A, was determined by the offshore limit of water depth at the 
flume bed at the initial water level, h0 = 0.6 m, and the sandy profile width from the shoreline 
to the flume bed, set at xsb = 8 m, to provide 𝐴 = ℎ0𝑥𝑠𝑏
−2 3⁄ = 0.15 m1/3 this is in good general 
agreement with the expected values of A (Dean, 1977). To avoid vertical slopes at the berm 
and shoreline, following Kriebel and Dean (1993) and Dette et al. (2002), the beach profile was 
shaped to a 1:10 planar profile that was tangentially connected to the monotonic profile (Figure 
3.2.7a). The profiles developed at each water level from both the planar and power-law profiles 
exhibited a good degree of similarity in profile shape and recession (Figure 3.2.7b), supporting 
the use of planar profiles as an initial starting condition for the remainder of the experiments. 
Of course, it should be noted that most profile change occurred in both profiles where the slope 
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was near-planar (i.e., x ≳ 8.5 m). Profiles were allowed to progress toward equilibrium, so the 
starting profile for the response to water level change is no longer planar but a profile close to 
equilibrium with the stationary wave climate. 
 
 
Figure 3.2.7: a) Design of 2/3-power profile (dotted black line) with 1:10 beach connected 
(dashed line) compared with a planar starting slope (solid black line) with some 
intermediate profile development (grey lines) at initial water level (z = 0 m). b) Comparison 
of initial water level (h0 = 0.6 m) profiles after 50 hours of the same waves between planar 
(dashed lines) and concave (solid lines) starting profiles. 
There remains a further practical consideration for choosing a plane initial or underlying 
profile, linked to the choice of depth of closure or the limiting depth used to define W and h* 
in Eq. (1.4.2). There is some uncertainty in the measurement of the limiting depth but, provided 
its location be offshore of the true limit, any error in that choice is cancelled out in Eq. (1.4.2) 
with planar profiles, which is not the case for non-planar profiles. For example, if an offshore 
limit is selected that is further offshore than the true limit on a profile where the depth varies 
as x2/3, the gradient will be milder than the true gradient, and application of the Bruun Rule 
would result in an overestimated prediction of the recession and vice versa. A planar profile is 
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less prone to subjective error in this respect for model-data comparisons of Eq. (1.4.2), although 
a minor error can still occur when a berm develops, leading to a deviation in the 1/10 gradient 
profile slope. 
3.2.5 Wave conditions  
Table 3.2.1 provided some key parameters, including the different wave conditions used 
during this research. This research investigated both barred and bermed profiles, where the 
intention was to produce easily distinguishable profiles that contrast one another while 
maximising the active profile extent for each condition to reduce measurement uncertainty and 
minimise scale effects. Ripple forms are indicative of some sediment transport and should 
ideally be maintained on the mobile bed above the flume’s solid bed (Figure 3.2.8).  
   
Figure 3.2.8: Ripples propagating into deeper water and remaining above the flume bed. 
Various researchers have attempted to produce empirical formulae to predict beach 
response to different wave conditions (e.g. Gourlay, 1968; Sunamura and Horikawa, 1974; 
Hattori and Kawamatta, 1980). However, using an empirical formula outside of the parameter 
space in which it is developed comes with a degree of uncertainty. Therefore, wave conditions 
for the present experiments were mostly chosen through experience gained from previous 
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flume experiments at similar scales and with the same or similar sediment, where distinct 
barred or bermed profiles were observed to develop under known conditions (e.g. Baldock et 
al., 2010; Shimamoto, 2016; Baldock et al., 2017).  
3.2.5.1 Monochromatic waves 
A logical approach is to try to understand the profile responses that occur under 
monochromatic waves before trying to understand the results of irregular wave action. 
Monochromatic waves may be considered simpler than random waves; however, concentrated 
energy dissipation associated with the monochromatic wave transformation and breaking 
increases the possibility of undesired feedback responses.  
Standing waves readily develop and can remain stable for long enough to result in periodic 
bar formation due to the node-antinode circulation (Carter et al., 1973; Nielsen, 1992). This 
response is apparent in Rector’s (1954) and Swart’s (1974) profile data (Figure 3.2.9). These 
periodic bars may be considered experimental artefacts in the respect that they affect the 
sediment budget in additional ways when the focus here is on the sediment transport driven by 
incident waves. Figure 3.2.9a depicts a digitisation of one of Swart’s (1974) profiles after 137 
hours of monochromatic waves. Much sand had been transported offshore after 1,400 hours, 
and the lowest point of the movable bed had extended out along the flume bed with a steep, 
near planar slope (Figure 3.2.9b).  
Using monochromatic waves to generate barred profiles also readily develops cross-tank 
non-uniformity with long duration experiments since the constant breakpoint at the bar tends 
to result in strong feedback responses if the bar skews. Initially, monochromatic wave 
experiments were conducted and found this to be the case, therefore, due to the high likelihood 
of profile instability with monochromatic waves on barred profiles, only random wave 
experiments were conducted for the barred profile experiments. 
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3.2.5.2 Random wave experiments 
Random waves appeared to improve profile stability over longer durations by varied wave 
breaking locations across the profile, defocusing the energy dissipation and reducing the 
sensitivity to standing waves and feedback processes that can destabilise a profile as described 
above for monochromatic waves. Most of the experiments presented here used random waves, 
the exceptions being the bermed profile experiments: A1, A2 and NA1 (Table 3.2.1).  The same 
random seed was used during each experiment to ensure a consistent wave climate and profile 
development for comparison between nourishment and non-nourishment experiments and the 
attainment of equilibrium. 
Figure 3.2.10 depicts the initial and final profiles of two 50-hour experiments that 
investigated repeatability of profile development with the same random wave conditions (initial 
water level development of E2 and NE2, Table 3.2.1). Each profile developed toward 
equilibrium from an initially planar profile with 1/10 gradient. The initial and final profiles and 
net sediment transport distributions were near-identical.  
3.2.6 Water level changes 
Excepting A1 and the cyclic wave climate experiments (C1 – C6), the total change in water 
level corresponded to half the incident significant wave height (Hsig). Chosen to represent the 
ratio given by a likely forecast SLR of order 0.5 m over the remainder of the century (RCP 8.5, 
IPCC 2013) relative to an annual mean wave height (on the Australian east coast) of the order 
of 1 metre. The stationary wave climates employed in the present experiments means that 
profiles will not respond as they would in the field, where a variety of wave conditions and 
varying water levels influence the profile at various depths. However, given the requirement to 
choose a constant water level change, this ratio of water level change to wave climate seemed 
as appropriate as any. 
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Figure 3.2.9: a) Digitised plot of Swart’s (1974, figure 63) profile at t = 137 hours, 
exhibiting multiple periodic bars between x = 8 m and 13 m. b) Digitised plot of Swart’s 
(1974, figure 34) profile at t = 1,400 hours where the initial 1/10 planar profile (red line) 
has been estimated through a volumetric balance. 
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Figure 3.2.10: Excellent repeatability demonstrated between two separate experiments 
commencing from planar to near identical final profiles after 50 hours of wave action. 
Cooper and Pilkey (2004) criticised Schwartz’s (1967) use of step changes in water level, 
with concerns regarding the poor representation of natural SLR rates. Excepting potential 
effects of earthquakes, an instantaneous step change in water level has a rate of SLR that is 
infinitely faster than the natural eustatic process. While eustatic SLR in nature occurs over long 
timescales, it is impractical for experimental durations to simulate natural SLR rates accurately. 
To further illustrate the point, assuming a length scale of NL = 10, providing the time scale, NT 
≈ 3.16. A natural 20-year SLR response in the order of 50 mm would scale to a model water 
level rise of 5 mm and require experimental durations of over six years! 
Thus, sufficiently slow and controlled, continuous water level changes were not practically 
possible. Therefore, two other methods for affecting water level change are: (i) a single, 
instantaneous step change in water level, or (ii) a series of smaller, but still instantaneous water 
level changes to the same ultimate level. The experiments conducted at UNSW investigated 
the difference in profile development between the two methods (Experiments SE1 and IE1, 
Table 3.2.1). The results indicated that while the intermediate profile responses may differ, 
given sufficient time the two final profiles were almost identical. Figure 3.2.11 shows the 
shoreline development during each experiment. See Appendix C and Beuzen et al. (2018) for 
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further detail of the experiments and profile developments. It is reasonable to assume that any 
further profile development occurring after a time when the profiles have achieved the same 
shape (irrespective of their development before that), with the same wave conditions, would be 
the same. Given that profiles do not seem to depend on the water level change rates between a 
single step or multiple finite increments, for experimental simplicity and expediency, all 
experiments at UQ applied a single step change in water level.  
 
Figure 3.2.11: Relative shoreline plot from the initial location for the incremental water 
level change, IE1 (solid red line) and step water level change, SE1 (black dash-dot line). 
Note: The final shoreline location is independent of the intermediate profile evolution. 
3.2.7 Determining profile stabilisation or attainment of equilibrium  
Stationary wave conditions were usually applied to generate barred or bermed profiles 
(except for the cyclic wave climate experiments, Chapter 4, Section 4.3) with no tidal or 
seasonal variability. Therefore, profiles were expected to progress toward static equilibrium 
states that contained perturbations in the form of bars and troughs or berms and steps. 
Equilibrium was expected to develop at an exponentially decaying rate of change (Sunamura, 
1983), which could result in prohibitively long experiment durations, and may not hold after 
some durations due to oscillations about some near-equilibrium state (e.g. Swart, 1974). 
Therefore, in the present experiments, determining profile stabilisation and attainment of 
equilibrium was assessed on a case by case basis. Profile development was monitored through 
changes in state parameters, such as the location of the shoreline, bar and berm crest, as well 
as considering sediment transport rates and broad profile changes. As shown in Figure 3.2.12, 
the shoreline and bar crest locations were observed to stabilise over time. However, the net and 
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bulk transport rates often did not reach a zero value, which would occur with a true equilibrium 
state. Instead, small, near-constant rates of change in these two parameters corresponding to 
small changes in profile shape were common long after the shoreline, bar crest or step and berm 
locations had stabilised. At this point, the active profile was also considered to have stabilised 
sufficiently, and the water level change was implemented, followed by resuming the waves for 
further profile development toward equilibrium at the new water level. For simplicity, the 
profiles that have sufficiently stabilised may be referred to as having attained equilibrium, 
noting the above caveats.  
As introduced in Chapter 2 (Section 2.1.5), cyclic bar behaviour seems to be quite common 
and consistent with observations under monochromatic waves in the laboratory and random 
waves in field studies. A cyclic process of bar generation and degeneration was observed in 
E1C, after a run time of approximately 70 hours. When the cyclic mode initiates, the above 
determination of equilibrium becomes invalid. Hence, a subjective decision was required to 
cease a run when a profile achieved sufficient stability and before the degeneration of the bar, 
triggering of a cyclic mode of evolution. 
 
Figure 3.2.12: Example of stabilising profile parameters for A2. 
For the cyclic wave climate experiments (C1 – C6, Table 3.2.1), the profile continually 
responded to the changing wave conditions, preventing a single static equilibrium profile. This 
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provided an opportunity to investigate a quasi-dynamic equilibrium profile, with the oscillating 
profile, state indicators and sediment transport. When the state indicators oscillated in repeating 
cycles, this indicated a stable system with the variable wave climate. When the profile had 
stabilised (oscillating about a steady value), the mean of the final four storm/recovery profiles 
was used as a quasi-dynamic equilibrium profile. 
3.3 Data processing, profile analysis and quantifying profile change 
The profile changes are analysed in various ways to determine the nature of profile change 
and degree of stabilisation. Section 3.3.2 details the Exner equation and its use for calculating 
sediment transport parameters. Section 3.3.3 describes the method of determining the limits of 
the active profile through the standard deviation of bed elevation changes. Section 3.3.4 
presents some profile change indicators, which were tracked to monitor profile change over 
time and stabilisation. Section 3.3.5 presents a new Profile Translation Model which is used to 
predict and assess profile responses to changes in water level. Section 3.3.6 describes a method 
for calculating the recession of the mean profile to changes in water level. Finally, Section 
3.3.7 describes some additional methods used to assess the performance of the Bruun Rule and 
its variants.  
3.3.1 Data Processing  
Profile data was recorded using purpose-built LabVIEW software which compiled text files 
of the raw horizontal and vertical coordinate data provided by the barcode reader and eight 
laser distance sensors (Section 3.2.3). The raw laser data sometimes featured spikes which 
could be caused by floating particles on the water surface or in the water column, or if the laser 
passed over a non-reflective surface, returning a maximum value. The largest spikes were 
manually removed by selecting a point either side, and linearly interpolating between the two 
points to account for the removed data. Smaller spikes were removed using a local regression 
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loess filter with a horizontal span of 5 mm, allowing the natural bed features, including ripples 
to remain in the dataset. 
3.3.2 Sediment transport and continuity 
Profile change can occur due to many different driving forces (such as waves, tides, etc.) 
and the primary driver of profile change in this research is waves. Continuity applies to profile 
change through conservation of volume. A useful tool for investigating net volumetric changes 
to profiles is the Exner equation (Exner, 1925), used to calculate sediment transport rates in the 
cross-shore (qsx) and long-shore (qsy) by applying conservation of mass: 
 𝑛
𝛿𝑧𝑠
𝛿𝑡
= − (
𝛿𝑞𝑠𝑥
𝛿𝑥
+
𝛿𝑞𝑠𝑦
𝛿𝑦
) 3.3.1 
where zs is the vertical coordinate of the sandy bed, x is the horizontal cross-shore coordinate, 
y is the horizontal long-shore coordinate t is time, and m accounts for the solid fraction of the 
sediment bed (n = 1 − p, where p is the porosity, estimated for sand at p ≈ 0.4). In a laboratory 
flume, the aim is to achieve near two-dimensional responses (Figure 3.3.1), in which 
𝛿𝑞𝑠𝑦
𝛿𝑦
= 0 
is assumed for the long-shore component and the cross-shore net sediment transport rate is 
henceforth denoted simply as qs.  
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Figure 3.3.1: Control volume, demonstrating cross-shore 2D conservation of mass over a 
mobile sediment bed. In this example, the net-transport rate entering the control volume is 
higher than that exiting it, qs (x, t) > qs (x+δx, t), corresponding to an increase in the bed 
elevation by δzs over the control volume. 
Integrating Eq. (3.3.1) with respect to x over the active profile between xmax and xmin, 
(which are the onshore and offshore limits of profile change, respectively, Figure 3.3.2) 
provides the time-averaged cross-shore net sediment transport rate distribution per unit width, 
qs (x, t) through the active profile (Figure 3.3.2):  
 𝑞𝑠(𝑥, 𝑡) =
𝑛
δ𝑡
∫ δ𝑧𝑠 d𝑥
𝑥𝑚𝑎𝑥
𝑥
 3.3.2 
where positive (negative) regions of the qs (x, t) distribution indicate net onshore (offshore) 
transport. The integrated net sediment transport rate, Qs, for a profile response is obtained by 
integrating qs (x, t) with respect to x. Qs can be used to describe general profile responses as 
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accretive (Qs > 0) or erosive (Qs < 0) (Baldock et al., 2010, Baldock et al., 2011, Jacobsen and 
Fredsoe, 2014):  
 𝑄𝑠 = ∫ 𝑞𝑠(𝑥)d𝑥
∞
−∞
 3.3.3 
Figure 3.3.2 demonstrates the application of these principles for erosive (Qs < 0) and 
accretive (Qs > 0) profile responses to changed water levels. 
3.3.2.1 Net sediment transport and integrated net sediment transport 
In instances where the profile response occurs over long durations and the profile stabilises 
toward an equilibrium value, as the time step increases with little to no additional profile 
change, net transport rates become increasingly small. In these instances, it may be more 
beneficial to consider the net sediment transport without the time component, as follows:  
 𝑞𝑠(𝑥) ∙ 𝛿𝑡 = 𝑛 ∫ δ𝑧
𝑥𝑚𝑎𝑥
𝑥
d𝑥 (3.3.4) 
 
The integrated net sediment transport, Qs∙δt, (m3 per unit width) is similarly determined by 
integration of Eq. (3.3.4): 
 𝑄𝑠 ∙ 𝛿𝑡 = ∫ 𝑞𝑠(𝑥) ∙ 𝛿𝑡 d𝑥
∞
−∞
 (3.3.5) 
 
Qs∙δt provides a measure of the overall redistribution of sediment, providing the direction by 
its sign, relative to the coordinate system. Qs·δt is also equivalent to the horizontal change in 
the position of the centroid of the active profile. Relative to a given, earlier profile, Qs∙δt 
evolves to a constant value, as the profile progresses toward equilibrium (cf. Jacobsen and 
Fredsoe, 2014).  
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(a) Erosive response (b) Accretive response 
  
Figure 3.3.2: Profile responses under sea level rise (from blue to black profile and water 
level colours) with general erosive (a) and accretive (b) responses with local erosion (red 
regions) and accretion (green areas) in the top plots. The lower plots show the net sediment 
transport curves, qs (x, t), of each profile response with negative values indicating seaward 
transport (red) and positive values for onshore transport (green). The integrated net 
sediment transport rate, Qs for each is also indicated being negative for general erosion and 
positive for general accretion and represents the net magnitude and direction of change in 
position of the centre of mass. 
While minimised with high spatial-resolution measurements, closure errors (qs∙δt (xh*) ≠ 0) 
in the integration can still occur with unaccounted volume missed due to the alongshore spatial 
separation of the lasers, variable porosity, or compaction due to wave action. Closure errors 
are dealt with following the methodology of Baldock et al. (2011) by uniformly distributing 
the residual error through the active profile. 
3.3.3 Defining the active profile 
In the laboratory flume, the ultimate, depth-limiting boundary is the floor of the flume, over 
which, the water depth is here referred to as the offshore depth, h0. The active profile requires 
defining to ensure closure errors that may occur when calculating the net sediment transport 
are distributed through the active region only. Application of the Bruun Rule also requires 
identification of the limits of profile change: the locations of the offshore limit, h* and the 
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onshore limit, B, are described by the two-dimensional coordinates (xh*, zh*) and (xB, zB), 
respectively. When no berm develops, the standard deviation, σ, of the vertical changes over 
time throughout the profile is used to determine the profile limits, and the active profile was 
typically defined where σ > 1 mm (i.e. the measurement accuracy of the lasers). A similar 
approach was recently used by Sanchez-Arcilla and Cacares (2017), who found the technique 
to provide offshore limit values that were in good agreement with Hallermeier (1978). The 
approach is semi-automated using Matlab, where the script highlights all regions where σ ≤ 1 
mm (Figure 3.3.3). The user then selects a location that is landward (seaward) of the offshore 
(onshore) limit and the script extracts the coordinate of the closest point seaward (landward) of 
the selected location where σ ≤ 1 mm (indicated by the magenta stars in Figure 3.3.3a). When 
a berm develops, the landward limit is taken as the highest point on the berm, which indicates 
the wave runup limit for the final stabilised profile. 
3.3.4 Other profile change indicators 
Various profile change indicators (e.g. coordinates of the shoreline, bar crest, berm crest, 
Qs∙δt) are used to monitor the morphological development of profiles over time. The surf zone 
width is defined as the horizontal, cross-shore length of the region between the still water 
shoreline and the bar crest (Figure 3.3.4). For the bermed profile experiments, where bars did 
not develop, the beach width was calculated instead, where the berm crest development 
replaces the bar crest (e.g. Figure 3.2.12). 
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Figure 3.3.3: Determination of the active profile. a) shows temporal profile development. 
b) Shows the standard deviation of the profiles, thick black lines indicate where σ ≤ 1 mm. 
The orange arrows represent two possible locations where the manual selection may occur 
(see text for more detail) for the semi-automatic selection of the offshore and onshore limits 
(dashed vertical magenta lines).  
 
Figure 3.3.4: Example of shoreline, bar crest and surf zone width development over time 
for experiment A2.  
3.3.5 Profile translation model 
This section describes the profile translation model (PTM). The PTM is a geometric 
translation model that was developed to investigate the response of natural profiles (that may 
contain perturbations) to sea level rise. Figure 3.3.5 demonstrates how the PTM works. The 
PTM initially raises the active profile by the water level rise (thick black line, Figure 3.3.5), 
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connecting to the original profile at each end with a vertical line. At this point the raised profile 
volume is greater than the initial profile, so the raised profile is incrementally shifted landward 
(fine grey lines, Figure 3.3.5), always connected by vertical lines to the original profile, until 
the volumes balance (thick dashed red line, Figure 3.3.5).  
 
Figure 3.3.5: Profile Translation Model incremental translation steps until near closure for 
the qs·δt(x) curve for a classic Bruun-type 2/3-power profile with SLR = 0.08 m. Initial 
water level profile is the dash-dot blue line. Translation steps proceed from the thick black 
line, through the fine grey lines until the volume balances at the thick dashed red line. The 
lower plot shows the net-sediment transport curves for each step, where the closure error 
decreases toward zero with each step at the offshore end (x = 8 m). 
The PTM was tested by application to some idealised profile shapes, with net transport 
distributions also calculated. Figure 3.3.6a shows the classic example of the Bruun Rule with 
a monotonic 2/3-power profile and vertical berm at the shoreline. This example confirms PTM 
behaviour matches the hypotheses and assumptions of Bruun Rule (Chapter 1, Section 1.1). 
That is, only offshore sediment transport is present, the new profile offsets in the landward 
direction, and the sediment from the upper profile facilitates raising the offshore profile. The 
recession predicted by the Bruun Rule, Eq. (1.1.2) agrees to within 1% with the value obtained 
from the PTM. The slight discrepancy is due to the finite resolution of the model (profile 
interpolated at δx = 1 mm increments). During the incremental horizontal shift, the algorithm 
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stops at the first instance the volume balance crosses zero, producing a slightly greater 
recession value.  
Figure 3.3.6 also shows three other scenarios. Figure 3.3.6b shows the translation applied 
to a shoreface with a sloping upper beach face instead of a vertical berm, the net sediment 
transport curve again indicates offshore transport only. The recession predicted by the Bruun 
Rule and PTM are again near identical, and are greater than the vertical berm scenario, 
corresponding to a milder active profile slope. Figure 3.3.6c shows the translation applied to 
the same idealised profile as 3.3.6b, but with a berm inserted onto the beach. In this case, 
onshore transport also occurs, landward of the berm crest, leaving a deposition volume 
landward of the original berm. Figure 3.3.6d shows the PTM applied to one of the ETA63 Gold 
Coast profiles (Patterson and Nielsen, 2016) that features a large offshore bar. Both examples 
containing a perturbation (Figure 3.3.6c − d) generate localised net onshore transport (indicated 
by the qs(x)·δt curve), near the perturbation.  
Note that the profile translation for the idealised case with the berm (Figure 3.3.6c) 
generates more recession than the case without the berm (Figure 3.3.6b), which agrees with the 
concepts of Rosati et al. (2013). Applying the Bruun Rule to the bermed profile in Figure 
3.3.6c, and taking the landward extent for the profile width, W, as the coordinates at the berm 
crest yields: 
𝑅 = 𝑆𝐿𝑅
𝑊
𝐵 + ℎ∗
= 0.41 m 
whereas the PTM predicts a recession of 0.48 m (Figure 3.3.6c).
93 
 
 
 
 
  
Figure 3.3.6: Profile Translation Model results (top panels) and corresponding net-sediment transport curves (offshore transport when qs∙δt < 
0) in the lower panels. a) Classic Bruun-type power-law profile, recession, R = 0.30 m. b) Power-law profile spliced to a plane sloping upper 
beach (cf. Kriebel and Dean, 1993). c) Power-law profile with a berm on the upper beach. d) ETA63 Dec 1988 Gold Coast Profile with the 
berm crest extrapolated landward. 
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Calculating the deposition volume using Eq. (3.3.4) (qs(xberm) = 0.024, as indicated in 
Figure 3.3.6c) gives VD ≈ 0.040 m2 and inserting into Rosati et al. (2013)’s Eq. (2.2.3) gives: 
𝑅 = 𝑆𝐿𝑅
𝑊 + 𝑉𝐷 𝑆𝐿𝑅⁄
𝐵 + ℎ∗
= 0.48 m 
which agrees with the PTM. These results indicate that the deposition volume requirement may 
be predicted using a translation model and that the predictions from the PTM automatically 
include the deposition volume of Rosati et al. (2013) where it occurs. 
3.3.6 The mean recession of the profile 
Single contours (such as the shoreline) throughout the active profile shape may not be 
conserved and dependent on cyclic surf zone dynamics (e.g. Plant et al., 2001; Walstra et al., 
2008). Therefore, the use of a single beach state parameter, such as the shoreline, to assess the 
Bruun rule is only robust if the profile shape is conserved exactly, i.e. small changes in profile 
shape due to bar/berm responses around the waterline will lead to differences between 
measurement and predictions even if the overall profile recedes as predicted. A global measure 
of the recession of the profile was developed to address this issue. To some extent, the PTM 
provides this; however, it assumes conservation of the profile shape. Therefore, the mean 
recession of the profile, Rm, is determined by averaging the recession of individual contours, R 
(z), between the offshore and onshore limits of profile change:  
 𝑅𝑚 = 𝑅(𝑧)̅̅ ̅̅ ̅̅ =
1
𝑧𝐵 − 𝑧ℎ∗
∫ {𝑥𝑡1(𝑧 + 𝑆𝐿𝑅)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ − 𝑥𝑡0(𝑧)̅̅ ̅̅ ̅̅ ̅̅ }d𝑧
∞
−∞
 3.3.6 
where subscript t1 and t0 indicates two profiles separated in time. Thus, for varying water 
levels, the contours for each profile are defined relative to the respective still water levels. To 
demonstrate, Figure 3.3.7a shows the same translated 2/3-power profile response to SLR as that 
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in Figure 3.3.6a. Figure 3.3.7b shows the R(z) aligned with the initial water level profile. In 
this example, the Bruun Rule, the PTM prediction and Rm are equal, and because of the 
maintenance of profile shape, the recession of every contour is equal.  
 
Figure 3.3.7: a) Original and translated 2/3-power profile. b) recession at each contour, 
R(z).  
Figure 3.3.8 shows the result of applying this analysis to the final profiles at each water 
level of one of the present flume experiments, E1C, where the shoreline recession at the end of 
the experiment was much greater due to a cyclic bar response and continued offshore transport. 
Figure 3.3.8a shows two profiles with bars, but quite different profile shapes through the surf 
zone. To better visualise the profile recession the elevations of the profile at the raised water 
level were reduced by the water level change (0.065 m) to vertically align with the final profile 
at the initial water level. Figure 3.3.8b shows R(z), along with vertical lines that indicate the 
mean recession of the profile, Rm, the Bruun Rule prediction, the PTM prediction and the 
measured shoreline recession, Rshore. The profile shape is not perfectly conserved at each water 
level, so R(z) is variable. R(z) is greater than Rm above the shoreline (approximately 0.8 m), 
highly variable around the bar, and offshore of the bar R(z) is less than Rm. Rm is close to the 
recession predicted by the PTM and when the profile shape is exactly conserved relative to the 
96 
 
still water level the two are equal, e.g. Figure 3.3.7. Therefore, a difference between the PTM 
prediction and Rm may also indicate some experimental error. Sources of experimental error 
may be due to lack of equilibration (at either water level), compaction issues, cross-tank non-
uniformity, or measurement error. Appendix D provides all of the mean recession plots for the 
experiments conducted during this research.  
   
 
Figure 3.3.8: a) Measured E1C profiles: elevations of the final raised water level profile 
(dashed grey line) were reduced by -0.065 m (solid black line) to align with the final profile 
at the initial water level (dash-dot blue line). b) Each discrete contour recession is shown 
(black stars), along with the mean recession of the profile (solid line), Bruun Rule prediction 
(dashed line), PTM prediction (dash-dot line) and shoreline recession (dotted line) also 
indicated. 
3.3.7 Assessment of model performance 
The SLR experiments in Chapter 4 and Chapter 5 are used to assess four models with 
regards to static equilibrium profile responses to changing water levels in the laboratory. The 
four models are the Bruun Rule, Rosati et al.’s (2013) modification, Dean and Houston’s (2016) 
recent variant, and the Profile Translation Model (PTM). Each model’s performance and the 
profile response were assessed using a variety of available indicators including sediment 
transport calculations and responses of the shoreline, bar/berm crest, and mean recession of the 
profile. 
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 The original Bruun Rule (Bruun, 1962) was assessed by measuring the shoreline and mean 
recession of the profile for each experiment and comparing with the prediction by selecting the 
profile limits as described in Section 3.3.3. The deposition volume, VD was required to test 
Rosati et al.’s (2013) recent modification. Where subaerial deposition occurred, VD was 
determined by the net sediment transport (calculated between the initial and final profile at the 
raised water level) that occurs at the cross-shore location of the berm crest of the initial profile, 
xB, and reintroducing the porosity:  
 𝑉𝐷 =
𝑞𝑠(𝑥𝐵)
𝑛
  (3.3.7) 
The cyclic wave climate experiments presented an opportunity to investigate the 
applicability of the onshore transport term proposed by Dean and Houston (2016), where two 
different wave conditions presented the opportunity to look at different closure depths based 
upon a pinch point, landward of which the majority of profile change occurred, although with 
slow changes occurring further seaward. At this location, the introduced volume, VI, across the 
littoral depth, hL, offshore boundary, 𝑥ℎ𝐿 , was determined in a similar manner to VD:  
 𝑉𝐼 =
𝑞𝑠(𝑥ℎ𝐿)
𝑛
  (3.3.8) 
Finally, PTM-translated initial water level profiles and measured raised water level profiles 
were compared to assess the PTM, along with their respective net-sediment transport curves 
and differences in predicted and observed profile shapes.  
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3.3.7.1 Percentage Error 
The percentage error provides a measure of the predicted recession, Rpredicted relative to the 
observed recession, Robserved: 
 𝑒𝑟𝑟𝑜𝑟(%) = 100 (
𝑅𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
𝑅𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
− 1) (3.3.9) 
where error(%) = 0 indicates perfect agreement between Rpredicted and Robserved, error(%) > 0 
corresponds to an overestimate and error(%) < 0 an underestimate. 
3.4 The methodology of non-nourishment experiments 
This section presents methodology specific to the experiments presented in Chapter 4. 
Table 3.2.1 details the conditions (durations, wave and water level conditions) of the 17 
experiments that were conducted to assess beach profile responses to changes in water level. 
The initial offshore water depth in front of the wave paddle was h0 = 0.6 m for all experiments. 
3.4.1 Bermed profile experiments 
The bermed profile experiments consisted of three experiments investigating accretive 
profile responses to water level change (A1 – A3, Table 3.2.1). These consisted of two 
monochromatic wave experiments with moderate (A1) and strong (A2) accretion, and one 
random wave experiment (A3). 
3.4.2 Barred profile experiments 
The barred profile experiments consisted of eight experiments investigating erosive profile 
responses to water level change (IE1, SE1, E1C, and E1 – E5, Table 3.2.1). All the barred 
profile experiments presented here used random waves. Experiments E1 − E4 used similar 
wave conditions (Hsig and Tp), while E5 had a larger Hsig (Table 3.2.1) and IE1 and SE1 were 
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conducted at UNSW’s facility, presented in Section 3.2.2 and 3.2.5 and described in more detail 
in Beuzen et al. (2018). The profile development at the initial water level for E1 and E2 
commenced from a planar 1/10 gradient profile. For E3 the profile was initially shaped to a 
2/3-power profile, tangentially connected to a planar 1/10 gradient upper profile (Figure 3.2.7). 
The initial profile for the falling water level experiment, E4, was the final profile from E3. E5 
commenced from a planar 1/15 gradient profile slope. Due to other laboratory commitments, 
the duration at each water level for E5 was shorter at than experiments E1 − E4, which resulted 
in less profile stabilisation.  
Experiments E1 and E1C are the same experiments but with different durations following 
the water level rise due to a cyclic morphological surf zone response that occurred (presented 
in Chapter 4, Section 4.2.1). Waves at the initial water level were run for 49 hours for 
Experiment E1/E1C to allow sufficient time for profile development and stabilisation. E1C 
contains the full dataset at the raised water level, documenting the profile development for 393 
hours, and three cycles of bar generation and degeneration. Given the added complexity 
introduced by the cyclic bar behaviour and disproportionate run time between the two water 
levels, an additional analysis was performed, constraining the data set to only the first 50 hours 
following the water level rise (E1, Table 3.2.1). Because the beach and shoreline position can 
be dependent on bar behaviour (e.g. Stive et al., 1996, Walstra et al., 2008), it was considered 
more appropriate to compare morphologically similar profiles exposed to similar durations of 
waves at each water level with regards to the recession predictions of each model. Test 
durations for E2, E3 and E4 were limited to 50 hours at each water level to avoid a similar 
cyclic profile response to E1C. 
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3.4.3 Cyclic wave climate experiments 
The cyclic wave climate experiments (not to be confused with the cyclic bar of E1C) 
consisted of six experiments investigating profile responses to both falling and rising water 
level changes when exposed to a cyclic wave climate (C1 – C6, Table 3.2.1). Stationary wave 
climates such as those employed in the barred and bermed profile experiments presented above 
do not occur at natural beaches. Instead, the conditions continually change with climatic 
variability under which storm and recovery (winter/summer profiles) responses are well-
known. While natural climate and beach variability are far more complex than is practically 
achievable in the laboratory, beaches can exhibit annual rocking behaviour between the 
classical summer and winter profiles (e.g. Ludka et al., 2015). The aim of the cyclic wave 
climate experiments (C1 − C6, Table 3.2.1) was to try to generate a dynamic profile response 
under a cycling pair of wave conditions. The two wave conditions used a similar temporal ratio 
for the storm (5%) and recovery (95%) wave conditions as that observed at natural beaches in 
a typical year on the south-east coast of Australia (Lord and Kulmar, 2001). The wave climate 
continued until the profile achieved a repeatable cycle (quasi-steady state), then the water level 
was changed, and the cyclic wave climate continued. Profile change was driven using a seven-
hour cycle featuring the two different wave conditions that had a constant peak period, Tp = 1 
s. Shimamoto’s (2016) experiment series investigating equilibrium profile responses were used 
to determine the wave conditions for each phase of the cycle. The storm waves were the 
conditions that produced the strongest erosive response (Hsig = 0.140 m). The recovery waves 
were the conditions that produced a berm but no bar (Hsig = 0.056 m). The starting profile for 
these experiments was a stabilised, barred-profile developed with the erosive waves that 
remained at the end of Shimamoto’s (2016) experiment series. This series of experiments also 
featured two falling water level scenarios, where the water level was dropped by 0.03 m each 
for C1 and C2. Each of the experiments C3 − C6 applied water level rises of 0.03 m to proceed 
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back to the original water level and beyond. The profile was measured three times during the 
recovery waves, after 2 hours, 4 hours, and the final profile after 6.65 hours. Due to the short 
duration of the erosive wave conditions (21 minutes), the profile was measured once at the end.  
A similar experiment was conducted by Sunamura (1983) with monochromatic waves and 
a variable period at a single water level and Atkinson et al. (2015) showcased a bar migrating 
back and forth across a profile with the cyclic wave climate as a coherent feature, rather than a 
new bar forming. Sunamura (1983) applied a temporal ratio of 10:1 for the accretive 
(H0 = 0.031 m; T = 2 s) and erosive waves (H0 = 0.064 m; T = 1 s). Just a few cycles of the 
wave conditions resulted in near-dynamic equilibrium at one water level. The present 
experiments differ in a few respects; with water level changes, random waves, constant peak 
period and the different temporal ratio between the erosion and accretion waves. Many more 
recovery/erosion cycles were performed at each water level until a steady, oscillating response 
was achieved, determined by considering the general profile changes along with Qs∙δtcumulative 
and relative shoreline development (e.g. Figure 3.4.1). 
 
Figure 3.4.1: Cumulative integrated net sediment transport (Qs∙δtcumulative) and relative 
shoreline response of the profile under the cyclic wave climate. The profile had reached a 
repeatable cycle with the cyclic wave climate by t ≈ 60hours. 
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3.5 The methodology of nourishment experiments 
This section presents methodology specific to the experiments presented in Chapter 5. 
Table 3.2.1 details the conditions (durations, wave and water level conditions) of the five 
experiments that were conducted to assess nourished beach profile responses to changes in 
water level. Typically, the time scales associated with nourishment are much shorter than those 
associated with SLR. However, this set of experiments is intended to investigate a conceptual and 
hypothetical scenario of nourishing an entire coastal cell (discussed in Section 2.3.2 and 2.3.3) to 
mitigate SLR-induced coastal recession. It is unlikely the methodology will be directly applicable 
to the field, where 3D processes, such as longshore transport gradients may often lead to much of 
the sediment leaving the coastal cell over timescales associated with SLR. Nourishing a coastal cell 
to mitigate recession from SLR would likely required ongoing maintenance, rather than a one-off 
bulk injection. 
3.5.1 The response of equilibrium profiles to nourishment 
Adding sediment to an equilibrium profile should result in a horizontal (seaward) shift of 
the equilibrium profile to accommodate the added sediment (Dean, 2002). It also should not 
matter where the sediment is introduced, providing it is within the active profile. It follows that 
Bruun’s (1962) predicted profile response to water level change should also reduce with 
additional sediment introduced into the active profile. Recall that the dynamic equilibrium 
profile scaling parameter, A, Eq. (1.1.1), is typically linked to the sedimentology of a profile 
(Bruun 1954a; Dean 1977). If the nourishment sediment is the same as the native sediment 
(ANourish = ANative), an added volume such as the nourishment volume, VN, can be simply 
included as an additional term to the Bruun Rule (e.g. Stive et al. 1991; Rosati et al., 2013; 
Dean and Houston, 2016):  
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𝑅 = 𝑆𝐿𝑅
𝑊
𝐵 + ℎ∗
−
𝑉𝑁
𝐵 + ℎ∗
 
 
3.5.1 
 
and it can be combined with Rosati et al.’s (2013) modification:  
 
𝑅 = 𝑆𝐿𝑅
𝑊 + [𝑉𝐷−𝑉𝑁]𝑆𝐿𝑅
𝐵 + ℎ∗
 
 
3.5.2 
 
Eq. (3.5.2) reduces to the original Bruun Rule when VD = VN, i.e., the loss of sediment by 
overwash is cancelled by nourishment. It is important to consider the availability of the 
nourishment volume; if some of the nourishment sediment is placed outside of the active 
profile, it may not affect the profile development. Section 3.5.5 discusses the effective 
nourishment volume. 
3.5.2 Experiment overview 
As before, the profile at an initial water level was developed under a stationary wave 
climate until it had stabilised sufficiently. Table 3.2.1 provides information on the nourishment 
experiments. The six different nourishment experiments comprised of one bermed profile 
experiment (NA1) and five barred profile experiments (NE1 − NE5). Nourishment of the final 
profile at the initial water level occurred before raising the water level and continuing the 
waves. In all experiments, the nourishment sand was the same as that which was used to build 
the profiles, corresponding to a scenario where Anourish = Anative (see Chapter 2, Section 2.3.1). 
Figure 3.5.1 depicts four different nourishment locations. Three locations were investigated to 
reduce the recession resulting from a raised water level: (i) a berm above the runup limit of the 
initial water level (NA1 and NE1); (ii) a bar-like mound in the surf zone (NE2 and NE4); and 
(iii) a large promontory about the shoreline (NE3). The shoreface nourishment, NE5 (iv), 
occurred without a water level change, after 156 hours of profile development to investigate 
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the potential to impede the long-term erosion driven by gradual deposition down the shoreface 
and possible triggering of a cyclic bar response.  
 
Figure 3.5.1: Conceptual sketch of different nourishment placements as indicated in the 
figure (purple, green, blue and red lines) on a stable profile (solid black line) formed at the 
initial water level (horizontal black-dash line). Each experiment ID is indicated below their 
respective nourishment locations. 
3.5.3 Bermed profile experiment – NA1 
Figure 3.5.2 shows the nourishment added to the profile built by the monochromatic waves 
at the initial water level over 65 hours. Due to the long-running duration of monochromatic 
waves, periodic bars are present in the lower profile which readily develop under the antinodes 
of standing waves (Carter et al., 1973; Nielsen, 1992; Figure 3.2.9). A volume of 0.050 m3/m 
of sand was introduced landward of the berm crest (runup limit) to form the nourishment 
mound as a continuation of the wave-built berm that extended the beach face. The nourishment 
berm crest elevation was built up to an elevation that was higher than the water level change to 
prevent overtopping at the raised water level.  
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Figure 3.5.2: Nourishment for NA1. The red line and grey region indicate the nourishment.  
3.5.4 Barred profile experiments 
3.5.4.1 Berm Nourishment Experiment − NE1 
NE1 was a continuation of the non-nourishment experiment E2 (Section 3.5.2) where a 
second water level rise of 0.065 m was applied. Figure 3.5.3 shows the nourishment, where a 
berm of approximately 0.09m3 was constructed with a steep face to maximise the available 
volume landward of the runup limit at the previous water level. The motivation behind this 
placement was to consider reducing the losses of nourishment depositions that occur in the 
field for subaqueous or beach nourishment where the waves continually act upon the sediment, 
resulting in gradual losses alongshore over time (e.g. Ludka et al., 2018). With nourishment 
placed above typical runup limits, it is more likely to remain until some design event occurs 
where the waves reach it. Figure 3.5.3 shows the nourishment berm added to the final profile 
of E2. The berm crest should be as high as possible to maximise the available volume and 
optimise the reduction of recession, i.e., increase B in the Bruun Rule, Eq. (1.1.2). However, in 
these experiments, the nourishment berm crest elevation was required to be limited to z = 0.28 
m to allow passage of the instrument trolley for profile measurement. 
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Figure 3.5.3: Experiment NE1: Berm nourishment of a barred profile. The nourishment 
berm (red line and grey region, approx. x > 13.8 m), was placed above the runup limit of 
the initial still water level (black dashed line, z = 0.065 m), which was the final profile after 
the water level rise for E2.  
3.5.4.2 Surf Zone Nourishment Experiment − NE2 
NE2 was a surf zone nourishment, where the volume and location of the nourishment 
mound were determined using the PTM (Figure 3.5.4). The total volume of the translated 
profile above the profile at the initial water level was calculated to determine the nourishment 
volume, VN ≈ 0.1 m3/m. Figure 3.5.5 depicts the implementation of the nourishment placed in 
the region where the PTM predicted the main breaker bar to translate to following a water level 
rise of 0.065 m (Figure 3.5.4), which was also in good agreement with the observed bar located 
at the end of E2 (Figure 3.5.3).  
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Figure 3.5.4: PTM output (dashed red line) for the initial water level profile at equilibrium 
(black line). The volumes of each translated bar above the initial water level profile are 
indicated.  
 
Figure 3.5.5: Surf zone nourishment of the profile. The red line and grey region indicate 
the measured nourishment and the volume is also detailed. 
3.5.4.3 Large Shoreline Nourishment Experiment − NE3 
The shoreline nourishment experiment, NE3, was a continuation of the non-nourishment 
2/3-power profile experiments (E3 and E4) (Section 3.5.2). This experiment aimed to introduce 
a volume of sediment intended to offset the recession predicted by the Bruun Rule completely. 
Multiplying the active profile width by the water level increase (VN = S∙W ≈ 0.350 m3/m) 
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provided the required volume to attain a recession of zero when applied to Eq. (3.5.1), i.e. 𝑅 =
𝑆
𝑊−𝑉𝑁 𝑆⁄
ℎ∗+𝐵
= 0. Figure 3.5.6 depicts the nourishment, where the sediment was distributed about 
the shoreline (between the main breaker bar and berm crest) to produce a large promontory that 
extended the shoreline by approximately 1.6 m. The cross-shore profile shape and extent is 
somewhat like the Sand Engine (Stive et al., 2013), but the Sand Engine was designed to feed 
the beaches situated alongshore, whereas this experiment is purely interested in the cross-shore 
response.  
 
Figure 3.5.6: Shoreline nourishment experiment, NE3. The red line and grey region indicate 
the nourishment (volume, VN = 0.350 m
3/m). The solid black line is the initial profile (final 
profile from E4). The dashed black line is the final profile from the experiment at the 
previous raised water level, E3.  
3.5.4.4 Surf Zone Nourishment Experiment − NE4 
A second surf-zone nourishment experiment, NE4, was conducted in UQ’s 2 m wide flume 
(Section 3.2.2). The initial profile at the initial water level consisted of a planar offshore profile 
with a gradient of 1/15 and a steep planar beach with a gradient of 1/4. As for NE2, the location 
of the nourishment, VN ≈ 0.025 m3/m, introduced between two bars (Figure 3.5.7), was 
determined using the PTM. 
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Figure 3.5.7: Surf zone nourishment placement of experiment NE4. The red line and grey 
region indicate the nourishment. 
3.5.4.5 Shoreface Nourishment Experiment − NE5 
NE5 was the shoreface nourishment experiment where no water level rise followed the 
nourishment. The nourishment was introduced after 156 hours of profile development, 
followed by a continuation of the waves at the same water level. The profile that developed 
before the nourishment was quite stable (i.e. the bar was not showing signs of degeneration), 
but sediment deposition was continually occurring seaward of the bar crest (Figure 3.5.8). The 
gradual recession of the upper profile is hypothesised to occur due to this offshore requirement 
for sediment and has been remarked upon elsewhere (e.g. Swart, 1974; Aagaard et al., 2010). 
Therefore, the nourishment, VN ≈ 0.042 m3/m, was introduced to try to alleviate the offshore 
demand, pre-emptively filling the deposition region (Figure 3.5.8).  
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Figure 3.5.8: Shoreface nourishment experiment, NE5. The red line and grey region 
indicate the nourishment, VN ≈ 0.042 m3/m. Profile progression is from blue to grey to 
black, indicated by arrows. Still water level is at z = 0.065 m, both before and after the 
nourishment 
3.5.5 Effective Nourishment Volume 
Figure 3.5.9 demonstrates the potential effect of different profile shapes in the subaerial 
region on the recession. The Bruun Rule is only accurate when the profile slope for x > xB is 
the same as the slope of the active profile (for x > xB, 
𝑑𝑧
𝑑𝑥
=
ℎ∗+𝐵
𝑊
). If the slope is steeper, the 
recession reduces through the increased volume available (blue area, V3, Figure 3.5.9). 
Conversely, if the profile is shallower, the recession will be greater through onshore transport 
required to maintain the berm height (green area, V4, Figure 3.5.9), relative to the water level 
(e.g. Rosati et al., 2013).  
Thus, when determining the correct value to be included in Eq. (3.5.2), it is important to 
consider the effective nourishment volume. The effective nourishment volume is equal to the 
entire nourishment volume if all the sediment introduced is inside and remains inside the active 
profile of the raised water level (i.e. NE2, NE3 and NE4). However, this may not be true for 
nourishments that occur at either end of the active profile (e.g. NA1, NE1, and NE5) where a 
portion of the total volume added could be placed outside of the active profile. 
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Figure 3.5.9: Effect of subaerial profile shape on the recession, R. The two orange regions 
are of equal volume, corresponding to the scenario where the subaerial profile slope 
matches the active profile slope. If the subaerial profile is steeper than the active profile-
slope (blue line), R reduces due to additional sediment introduced by erosion of A3 (blue). 
If it is shallower (green line), R increases due to additional sediment required for the 
landward deposition of A4 (green), which is the deposition volume, VD (Rosati et al., 2013). 
Consider the berm nourishment experiments NA1 and NE1, described above (Section 3.5.3 
and 3.5.4). For the bermed profile (NA1), the nourishment was strategically placed to extend 
the subaerial beach slope and the wave-generated berm developed at the initial water level. The 
nourishment berm crest elevation was built higher than the anticipated runup limit to prevent 
overtopping at the raised water level. Therefore, the nourishment may have used more sediment 
than necessary. The total volume of the nourishment was approximately 0.05 m3/m (Figure 
3.5.2), but the effective nourishment volume may be less. i.e. the deposition volume measured 
during the comparable non-nourishment experiment, A2, where VD = 0.03 m
3/m (see results in 
Chapter 4, Table 4.2.1) may be more appropriate and was used as the nourishment volume in 
Chapter 5 for applying Eq. (3.5.2).  
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Figure 3.5.10 shows an example of determining the effective nourishment for a barred 
profile response to berm nourishment. The total nourishment volume is V3 + V4 (which is 0.09 
m3/m, in the case of NE1, Figure 3.5.3). As with NE1, only erosion is expected, with no 
overtopping as the berm crest is built higher than the expected runup limit (B + S). The effective 
nourishment volume is V3, which is the volume of sediment introduced to the active profile 
through erosion by the end of the experiment, which is less than the total nourishment volume 
(V3 + V4). In this instance (NE1) V3 ≈ 0.05 m3/m, which was used as the nourishment volume 
in Chapter 5 for applying Eq. (3.5.2). 
 
Figure 3.5.10: Effective nourishment of berm nourishment on a barred profile. The effective 
nourishment volume theoretically reduces the recession by  
𝑉3
ℎ∗+𝐵
, i.e. Eq. (3.5.1). 
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4 Results of laboratory investigations of non-nourished 
beach responses to water level changes 
Note: Most of the wording and many figures in Section 4.2 are taken from the recently 
published, Atkinson et al. (2018), with the addition of two other experiments (E4 and E5) that 
were not included in the paper. Section 4.3 features unpublished results from the cyclic wave 
climate experiments, C1 − C6. 
4.1 Summary 
This chapter investigates responses of barred and bermed profiles shaped by 
monochromatic and random waves to changes in water level using small-scale wave flume 
physical models. The experiments assess profile responses to step-changes in water level along 
with the influence of sediment deposition above the still water level (e.g. overwash, Rosati et 
al., 2013). The cyclic wave climate experiment series also provides the opportunity to 
investigate Dean and Houston’s (2016) recent variant of the Bruun Rule that considers 
sediment introduced into the nearshore profile from offshore, crossing the littoral depth, hL. 
The Bruun Rule, along with two variants and the Profile Translation Model (PTM) are assessed 
with regards to their accuracy compared with the observed shoreline recession, Rshore, as well 
as the mean recession of the profile, Rm. Variability in profile shape is exhibited between 
profiles at different water levels with the same waves. Section 4.2 provides the results of the 
stationary wave climate, non-nourishment experiments; and Section 4.3 provides the results of 
the cyclic wave climate experiments. 
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4.2 Results of the stationary wave climate non-nourishment 
experiments 
This section presents and discusses the results of each of the barred and bermed profile 
non-nourishment experiments. Refer to Table 3.2.1 for the overview of experimental 
conditions.  Table 4.2.1 summarises the results, detailing all onshore and offshore closure 
limits, measured values for the deposition volume, VD, in Eq. (2.2.1), the measured shoreline 
recession, Rshore, mean recession, Rm, and predicted recession, R, for each model. Figure 4.2.1 
shows each model’s predicted recession value against Rshore for each experiment and Figure 
4.2.2 provides the percentage error of each model concerning Rshore for each experiment.  
Excepting Figure 4.2.7, Figure 4.2.3 to Figure 4.2.11 each contain four plots (a, b, c and 
d), which all show the profile data in the same manner. Sub-figure (a) shows the profile 
development as a contour difference plot of each profile, relative to the initial profile for both 
the initial and raised water levels. Time, t (hours), is given along the abscissa of sub-figure (a) 
and (b), where t = 0 h indicates the time of the water level change, i.e. negative t values indicate 
the period at the initial water level. Therefore, in sub-figures (a) and (b), there are two shoreline 
locations shown at t = 0 h, corresponding to the final shoreline location at the initial water level 
and the new shoreline location at the raised water level. Sub-figure (b) plots the cumulative 
integrated net sediment transport, Qs·δtcumulative and relative shoreline progression (shoreline at 
the time, t, relative to the initial shoreline location at the start of the experiment). Sub-figure 
(c) shows the initial and final equilibrium profiles at each water level, as well as the results of 
the PTM. Sub-figure (d) provides the local net transport distributions, qs∙δt (x), between the 
final profile at the initial level and: (i) the final profile at the raised water level; and (ii) the 
translated initial water level profile predicted by the PTM.  
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Table 4.2.1: Experiment ID, Bruun Rule parameters (SLR, h*, B, β and W), observed shoreline recession (Rshore), observed mean recession of the 
profile (Rm) and recession predictions, R, for the original Bruun Rule (Bruun); the Profile Translation Model (PTM); and Rosati et al.’s (2013) 
model (R13). Percentage error (%Error) is provided next to each model’s prediction compared with the observed, depicted in Figure 4.2.2. Refer 
to Table 3.2.1 for further experiment details and wave conditions. 
 
ID SLR R shore R m h * B W β R %Error R %Error V D R %Error
[-] [m] [m] [m] [m] [m] [m] [-] [m] [%] [m] [%] [m
3
/m] [m] [%]
IE1 0.075 1.070 0.852 -0.423 0.161 6.060 0.096 0.778 -27.3 0.774 -27.7 0.0021 0.782 -26.9
SE1 0.075 1.090 0.714 -0.511 0.160 6.750 0.099 0.754 -30.8 0.754 -30.8 0.0012 0.756 -30.6
E1C 0.065 0.875 0.738 -0.320 0.111 4.373 0.099 0.660 -24.6 0.689 -21.3 0.0007 0.661 -24.4
E1 0.065 0.729 0.672 -0.320 0.111 4.373 0.099 0.660 -9.5 0.689 -5.5 0.0017 0.663 -9.0
E2 0.065 0.883 0.698 -0.495 0.100 6.087 0.098 0.665 -24.7 0.663 -24.9 0.0005 0.666 -24.6
E3 0.065 0.870 0.750 -0.409 0.092 5.830 0.086 0.756 -13.1 0.731 -16.0 0.0000 0.756 -13.1
E4 -0.065 -0.732 -0.788 -0.381 0.177 6.215 0.090 -0.724 -1.1 -0.759 3.7 0.0000 -0.724 -1.1
E5 0.05 0.690 0.712 -0.402 0.092 6.810 0.073 0.689 -0.1 0.695 0.7 0.0085 0.706 2.4
A1 0.05 0.553 0.522 -0.383 0.045 3.651 0.117 0.427 -22.9 0.490 -11.4 0.0202 0.474 -14.3
A2 0.035 0.312 0.328 -0.476 0.148 5.191 0.120 0.291 -6.7 0.358 14.7 0.0317 0.342 9.6
A3 0.035 0.307 0.381 -0.462 0.162 5.999 0.104 0.336 9.6 0.360 17.3 0.0341 0.391 27.4
C1 -0.03 -0.320 -0.307 -0.209 0.099 3.250 0.095 -0.317 -1.1 -0.326 1.9 0.0000 -0.317 -1.1
C2 -0.03 -0.290 -0.306 -0.251 0.054 3.340 0.091 -0.329 13.3 -0.325 12.1 0.0000 -0.329 13.3
C3 0.03 0.260 0.324 -0.329 0.036 3.660 0.100 0.301 15.7 0.336 29.2 0.0004 0.302 16.1
C4 0.03 0.200 0.230 -0.233 0.050 3.140 0.090 0.333 66.4 0.330 65.0 0.0028 0.343 71.4
C5 0.03 0.280 0.258 -0.246 0.095 3.590 0.095 0.316 12.8 0.325 16.1 0.0017 0.321 14.6
C6 0.03 0.320 0.278 -0.233 0.119 3.790 0.093 0.323 0.9 0.312 -2.5 0.0033 0.332 3.9
Bruun PTM R13
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Figure 4.2.1: Predicted versus observed recession of the shoreline for all experiments. The 
different markers identify the different model predictions: Original Bruun Rule (+), PTM 
(triangles) and Rosati et al.’s (2013) variant (squares). Solid, dotted and dashed lines 
indicate 0%, ±10% and ±30% error bounds, respectively. Lower panels zoom to particular 
regions of the top plot. 
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Figure 4.2.2: Percentage error of each model (Bruun = Bruun Rule; PTM; R13 = Rosati et 
al.’s (2013) modification) concerning the observed shoreline recession, Rshore. Positive 
values indicate an overprediction by the model.  
4.2.1 Barred profile experiments  
Experiments IE1, SE1, E1C, E1, E2, E3 and E5 were conducted to investigate barred profile 
responses to increased water levels when forced with random waves. 
4.2.1.1 Incremental (IE1) vs step (SE1) water level rise experiments 
Chapter 3 (Section 3.2.6) and Appendix F summarises the results of IE1 and SE1. All three 
models provided the greatest underpredictions of the observed shoreline recession, Rshore, of 
the whole experimental series (Table 4.2.1, Figure 4.2.1 and Figure 4.2.2). Due to other 
commitments at the UNSW facility, the experiment run times were limited. While some other 
experiments also exhibited comparable underestimates (E1C and E2), the short duration of 
waves at the initial water level may have compounded the underestimates of IE1 and SE1 
(Figure 4.2.2). If the profile had not equilibrated sufficiently at the initial water level, further 
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exposure to waves would have led to more recession irrespective of SLR. This additional 
recession occurred with the continuation of waves at the raised water level. 
4.2.1.2 Cyclic bar with stationary random waves E1C 
Figure 4.2.3a shows the profile development during the cyclic morphodynamic response at 
the raised water level over 393 hours. Figure 4.2.3b provides Qs∙δtcumulative and relative shoreline 
progression (relative to the initial shoreline location at t = 0 h). The cyclic profile response at 
the raised water level resulted in sustained losses of sediment offshore, resulting in a gradually 
receding shoreline, the location of which was underpredicted by all three of the tested models 
(Table 4.2.1, Figure 4.2.1 and Figure 4.2.2). At t ≈ 65 h the bar, having been stable for around 
30 hours, progressively degenerated over 14 hours and the inner bar grew and propagated 
offshore (Figure 4.2.3a). This cyclic bar behaviour was captured three times before the 
experiment finished and is discussed further in Chapter 6. An investigation into the offshore 
wave conditions throughout the experiment confirmed that they were consistent. The shoreline 
exhibits progradation at certain times, which appear to align with the initial stages of bar 
stabilisation. Qs,·δtcumulative (Figure 4.2.3b) demonstrates periods of stability (
d𝑄𝑠∙δ𝑡𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒
d𝑡
≈
0) and accretion (
d𝑄𝑠∙δ𝑡𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒
d𝑡
> 0) within an overall erosive trend (
d𝑄𝑠∙δ𝑡𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒
d𝑡
< 0). The 
accretion events occur around times when the bar either stabilises or degenerates, with the 
strongest accretion occurring at the end of the experiment during bar degeneration. 
Figure 4.2.3c and Figure 4.2.3d detail two different profile responses and the net sediment 
transport. Figure 4.2.3c shows the profile response between 70 h < t < 77 h when the bar was 
degenerating rapidly. A strong net-onshore transport component occurs (x ≈ 11 m) as most of 
the sediment from the bar fills in the trough, although there is also small offshore transport 
further seaward, corresponding to the gradual offshore accumulation. Figure 4.2.3d shows the 
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profile response between 107 h < t < 114 h when the inner bar was rapidly migrating offshore 
with almost no net onshore transport component.  
4.2.1.3 Common responses during the barred profile experiments 
At the initial water level (t < 0 h, e.g. Figure 4.2.4a), the bar grows quickly by eroding the 
initial profile around the shoreline and nearshore (approx. 11 m < x < 13 m) and both the bar 
and shoreline stabilise by t ≈ −20 hours. However, a gradual continued offshore movement of 
sand is typically indicated by the Qs∙δtcumulative plot at the end of the initial water level, and slight 
shoreline recession is still occurring (e.g. Figure 4.2.4b). Given the relative stability compared 
with changes occurring between −50 h < t < −20 h, the experiments continued with water level 
rises at this point. Other recent experiments (Baldock et al., 2017) also found that even with 
very long run times there may be a small degree of net sediment motion landward or seaward 
despite single state profile parameters (e.g. shoreline and bar crest elevation) appearing stable. 
Following the water level change, only small (of the order of the measurement accuracy) 
changes were observed in the profile elevation offshore of the initial bar crest following water 
level rise, which agrees with Dubois’ (1992) field observations. The PTM tended to predict a 
lowered profile offshore of the original bar (e.g. Figure 4.2.4c) and onshore transport in the 
region of the bar (e.g. Figure 4.2.4d), which exhibits qualitative similarity with the translated 
Gold Coast profile (Figure 3.3.6d). However, this onshore transport was not observed in the 
experimental data for experiments E1 and E2, although E3 did exhibit a small amount of net-
onshore transport in the bar region. The shape of the final profiles through the surf zone was 
often markedly different at the different water levels. The landward translation of the bar crest 
was typically less than that of the shoreline, indicating wider surf zones at the raised water 
levels, although the crest elevation of the main breaker bar typically translated vertically by a 
comparable value to the water level change. Shoreward of the inner bar, the measured and PTM 
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predicted cross-shore transport patterns, qs∙δt(x), were in good agreement, with the additionally 
observed recession reflected by the greater amount of offshore transport throughout the upper 
profile for experiments E2 and E3. While the surf zone profiles remained changeable, the beach 
face profile similarity was reasonably maintained (e.g. Figure 4.2.4c), and the shorelines tended 
to stabilise for t > 30 h (e.g. Figure 4.2.4b). Thus, after the initial response to the change in 
water level and the shoreline receding due to erosion, little further sediment is required from 
the upper profile. Instead, redistribution of the surf zone sediment occurs, which does not 
significantly influence the shoreline location during the remaining evolution. For all three 
barred profile experiments, there were only slight differences between the original Bruun and 
Rosati et al. (2013) model predictions (Table 4.2.1, Figure 4.2.1 and Figure 4.2.2), due to little 
or no sand deposited above the still water level.  
4.2.1.4 Experiment E1 
All variants of the Bruun Rule and the PTM predicted the shoreline recession to within 6% 
(Table 4.2.1 and Figure 4.2.2). Figure 4.2.4 shows the results of E1. The rate of change for 
Qs∙δtcumulative also tends to zero by the end of the experiment (t = 44 and 51 hours). The change 
in trend for Qs∙δtcumulative around t = 30 hours and the slight accretive shoreline response may 
indicate stabilisation of the overall system. The minor progradation of the shoreline once the 
new bar had fully developed may be a result of the evolution of the inner bar, leading to a 
reduction in wave energy at the shore. There was only a single bar in the final profile of the 
initial water level. At the raised water level, a double bar and step profile remained at 
t = 51 hours and the main breaker bar and trough (10 m < x < 11.5 m) were more defined than 
those at the initial water level (Figure 4.2.4c). Thus, the initial profile shape was not exactly 
conserved following the water level increase. 
 121 
 
 
 
  
Figure 4.2.3: a) Contour plot of profile change for E1C during the cyclic morphological 
response versus time. Colour bar in metres. The shoreline is indicated in green with + 
markers; b) Evolution of cumulative integrated net sediment transport, Qs·δt, and shoreline 
position versus time. Lower panels: Profile change and sediment transport (qs·δt (x)) 
between two subsequent profiles during c) the first bar degeneration sequence between t = 
72 h (blue dashed line) and t = 79 h (solid black line); and d) offshore bar propagation 
between t = 107 h (blue dashed line) and t = 114 h (solid black line). 
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Figure 4.2.4: a) Contour plot of profile change versus time for E1. Colour bar in metres. 
The shoreline is dashed green with + markers. b) Evolution of integrated net sediment 
transport, Qs∙δt, and shoreline position versus time. c) Profile change between the initial 
planar profile (grey dashed line), final profiles at the initial (blue dashed line) and raised 
(solid black line) water level, as well as the translated initial water level profile using the 
PTM (dashed red line). d) Net sediment transport, qs∙δt (x), corresponding to the measured 
and translated profiles. 
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4.2.1.5 Experiment E2 
The original Bruun Rule and Rosati et al.’s (2013) modified version provided slightly closer 
predictions than the PTM, but the difference was minimal, and all models underpredicted the 
recession by approximately 25% (Table 4.2.1 and Figure 4.2.2). Note, Figure 4.2.5 shows the 
results of this experiment. The profile stabilised at the initial water level around t ≈ −20 h 
(Figure 4.2.5a-b) with a well-defined two-bar profile, which was a similar evolution time to E1 
(Figure 4.2.4). After the water level rise continued offshore transport resulted in a recession 
that was much greater than the model predictions, with errors that were comparable with E1C 
(Figure 4.2.1 and Figure 4.2.2). The PTM predicted far more onshore transport from seaward 
of the original bar than what was measured (Figure 5.3.5c-d). This resulted in a much lower 
recession prediction than observed, where more offshore transport occurred to generate the bar 
at the raised water level, increasing the erosion of the upper profile. 
4.2.1.6 Experiment E3 
After water level rise, a small amount of deposition above the shoreline resulted in minor 
differences between the original Bruun Rule and Rosati et al.’s (2013) modified version, each 
of which underpredicted the observed shore recession by approximately 13%. The PTM had a 
slightly greater underprediction of 16% (Table 4.2.1 and Figure 4.2.2). Figure 4.2.7b and 
Figure 4.2.7d also detail the results of the erosion experiment where the initial profile was 
shaped to a monotonic, concave-up profile. Comparably with E2, the profile stabilises at the 
initial water level around t ≈ −20 h with a well-defined two-bar profile (dash-dot blue line, 
Figure 4.2.6c). Qs∙δtcumulative appears to have stabilised to a greater degree than the planar case 
for this initial profile. 
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4.2.1.7 Comparison of Experiments E2 and E3 
The profile responses between the initially planar starting conditions and a classical 
concave 2/3-power profile were very similar, as were the derived net sediment transport 
distributions (Figure 4.2.5c-d and Figure 4.2.6 c-d). Slightly greater offshore transport is 
present for the planar profile case (E2). This may be due to a greater requirement for sediment 
to build the offshore flank of the bar at the initial water level for E2 due to the steeper profile. 
Nevertheless, after 50 hours at each water level, the profiles for the two experiments are similar, 
providing comparable net-transport distribution patterns, as well as similar Rshore values, which 
differ by less than 2% (Table 4.2.1). The difference in the predicted shoreline recession for E2 
and E3 is greater than the measured differences, which highlights the uncertainty introduced 
when choosing the limiting depth on the non-planar slope. The profile development for E3 at 
the initial water level (Figure 6.6.5a) and the response to the first water level rise (Figure 
6.6.5b) were comparable with E2, i.e., no berm developed, and most sediment was transported 
offshore. 
4.2.1.8 Experiment E4 
E4 was a continuation of E3, where the water level was dropped by 0.065 m, to return the 
water to its original level of z = 0 m. Figure 4.2.7a depicts the full profile progression for the 
experiment. The bar that remained from the previous water level split, with some sediment 
transported seaward to form the new breaker bar and the remainder was transported landward, 
to build a beach berm. This berm-building response supports Bruun’s (1988) proposed response 
of profiles to falling sea levels. 
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Figure 4.2.5: a) Contour plot of profile change versus time for E2. Colour bar in metres. 
The shoreline is dashed green with + markers. b) Evolution of integrated net sediment 
transport, Qs∙δt, and shoreline position versus time. c) Profile change between the initial 
planar profile (grey dashed line), final profiles at the initial (blue dashed line) and raised 
(solid black line) water level, as well as the translated initial water level profile using the 
PTM (dashed red line). d) Net sediment transport, qs∙δt (x), corresponding to the measured 
and translated profiles. 
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Figure 4.2.6: a) Contour plot of profile change versus time for E3. Colour bar in metres. 
The shoreline is dashed green with + markers. b) Evolution of integrated net sediment 
transport, Qs∙δt, and shoreline position versus time. c) Profile change between the initial 
planar profile (grey dashed line), final profiles at the initial (blue dashed line) and raised 
(solid black line) water level, as well as the translated initial water level profile using the 
PTM (dashed red line). d) Net sediment transport, qs∙δt (x), corresponding to the measured 
and translated profiles. 
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Figure 4.2.7: Results of experiment E4. a) Profile development after the water level fell 
back to z = 0 m. Initial profile (final profile from E3) is blue then profile develops from 
light grey to black. b) Profile change between the final profiles at the initial (blue dashed 
line) and lowered (solid black line) water levels, the translated initial water level profile 
using the PTM (dashed red line) and the final profile from the initial water level of E3 is 
the light dashed grey line. c) Net sediment transport, qs∙δt (x), corresponding to the 
measured and translated profiles.  
 
Rosati et al. (2013) only considered sea level rise when presenting their modification. With 
sea level fall, Bruun (1983) expected his model to apply although some modifications may be 
required, depending on the profile response, which may be dependent on the overall profile 
steepness, where steeper profiles may be expected to respond closely with the Bruun Rule 
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simply applied with a negative sea level rise value. However, shallower profile slopes may 
require adjustments to account for different nearshore dynamics (Bruun, 1983). Therefore, the 
deposition volume above the still water level was a not applied in Rosati et al.’s (2013) 
modification.  Thus, with VD = 0 m
3/m, R13 provided the same recession prediction as the 
original Bruun Rule, underpredicting by just 1% (Table 4.2.1).  The PTM slightly 
overestimated the progradation with a percentage error of +4% (Figure 4.2.7b, Table 4.2.1 and 
Figure 4.2.2). The net sediment transport curve predicted by the PTM demonstrates good 
qualitative agreement with the observed. However, it overestimated the landward transport and 
berm height and underestimated the seaward transport and final bar crest position, which was 
predicted to return to the final bar crest position of the initial water level profile from E3.  
4.2.1.9 Experiment E5 
Slightly larger waves than the preceding four experiments drove profile change for E5, and 
it also commenced from an initial planar slope with a 1/15 gradient. Despite the shorter duration 
at each water level, both the contour plot of profile change (Figure 4.2.8a) and Qs∙δtcumulative 
and relative shoreline plot (Figure 4.2.8b) indicate a reasonable degree of profile stabilisation. 
The profile developed into a strongly barred profile which also featured a well-defined berm 
above the shoreline at each water level (Figure 4.2.8c), with a crest level of 0.09 m above the 
still water level at the initial water level and 0.10 m above at the raised water level. 
  
 129 
 
 
 
 
Figure 4.2.8: a) Contour plot of profile change versus time for E5. Colour bar in metres. 
The shoreline is dashed green with + markers. b) Evolution of integrated net sediment 
transport, Qs∙δt, and shoreline position versus time. c) Profile change between the initial 
planar profile (grey dashed line), final profiles at the initial (blue dashed line) and raised 
(solid black line) water level, as well as the translated initial water level profile using the 
PTM (dashed red line). d) Net sediment transport, qs∙δt (x), corresponding to the measured 
and translated profiles. 
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The model predictions were in very close agreement with Rshore, providing some of the 
smallest percentage errors of the entire experiment series (Table 4.2.1, Figure 4.2.1 and Figure 
4.2.2).  The original Bruun Rule prediction was within 1% of Rshore, and Rosati et al.’s (2013) 
modified version provided a slightly greater overprediction of about 2% due to the inclusion 
of the overtopping volume. The prediction by the PTM was in very close agreement with Rshore 
with a percentage error of approximately 1%. The output of the PTM shows very good 
agreement with the observed profile response for the nearshore, shoreline and beach 
(x > 13.1 m, Figure 4.2.8c), but there are clear differences in the surf zone profile (x < 13.1 m, 
Figure 4.2.8c). The final location of the bar was much further shoreward than the PTM 
predicted, resulting in differently shaped net sediment transport distributions (x < 12.8 m, 
Figure 4.2.8d). All experiments exhibited some variability in profile shape at each water level. 
However, the shorter experiment duration may have compounded the differences in profile 
shape at each water level for this experiment. 
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4.2.2 Bermed/Accretion profiles (A1 to A3)  
Profile stability under monochromatic waves on bermed profiles was achieved using the 
channel dividers. Therefore, regular and random wave experiments are presented. 
Monochromatic waves were used for A1 and A2, and random waves for A3 (Table 3.2.1). 
4.2.2.1 Experiment A1 
Figure 4.2.9 provides the results of A1, which resulted in a mild accretive response, 
building a small berm through onshore transport of sediment. Rapid profile development and 
stabilisation are apparent from the contour plot and plots of Qs∙δtcumulative and relative shoreline 
position. Due to the low measurement resolution, the calculations of the deposition volume and 
the assessment of profile similarity are subject to greater error than for other experiments. 
However, the shoreline position was measured accurately. The original Bruun Rule 
underpredicted the shoreline recession by 23%, the Rosati et al. (2013) model underpredicted 
shoreline recession by 14%, and the PTM provided the best prediction, with an underprediction 
of 11% (Figure 4.2.1, Figure 4.2.2 and Table 4.2.1). The net sediment transport curve in Figure 
4.2.9d displays a qualitatively similar shape to the measured data in the nearshore, but there 
are deviations further offshore which may be due to the development of periodic bars, 
commonly generated by standing waves which are stationary with monochromatic wave 
conditions. The predicted deposition volume from the PTM was VD = 0.027 m
3/m, which is 
greater than that observed, and would further improve the predictions of Rosati et al. (2013). 
There appears to be a slightly wider berm formed at the initial water level and a more 
pronounced step in the final raised water level profile, which may account for some of the 
discrepancies.  
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Figure 4.2.9: a) Contour plot of profile change versus time for A1. Colour bar in metres. 
The shoreline is green with + markers. b) Evolution of integrated net sediment transport, 
Qs∙δt, and shoreline position versus time. c) Profile change between the final profiles at the 
initial (blue dashed line) and raised (solid black line) water level as well as the translated 
initial water level profile using the PTM (dashed red line). d) Net sediment transport, qs∙δt 
(x), corresponding to the measured and translated profiles. 
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4.2.2.2 Experiment A2 
A2 ran larger waves with a longer period (Table 3.2.1) to promote a stronger accretive 
response than for A1. Figure 4.2.10 illustrates the results, where the waves built a large, well-
defined berm through onshore transport of sediment. The contour plot, temporal variation in 
the cumulative Qs, and the shoreline position all indicate profile stabilisation and a trend 
towards equilibrium. The original Bruun Rule underpredicted the shoreline recession by 7%, 
while the other models overestimate the recession. Using the measured VD (Eq. (3.3.7)), the 
Rosati et al. (2013) model, Eq. (2.2.1), overestimated the observed recession by 7% and the 
PTM overestimated by 15% (Table 4.2.1, Figure 4.2.1 and Figure 4.2.2). The predicted 
deposition volume from the PTM was VD = 0.039 m
3/m, which is greater than that observed 
(Table 4.2.1), consistent with the overestimated recession. Much of the translated profile 
receded by more than the measured profile but there is a very close similarity between the 
profiles before and after the water level rise (Figure 4.2.10c). The measured and modelled net 
sediment transport curves are in reasonable agreement (Figure 4.2.10d), but the magnitudes for 
the PTM are greater, consistent with the overestimated recession. 
4.2.2.3 Experiment A3 − Random waves 
Figure 4.2.11 provides the results of the random wave experiment, A3. The shoreline 
stabilised for a period before the water level rise at t = 0 h, but then began accreting slowly 
around t ≈ −10 h, because of the berm’s continued (albeit very slow) growth seaward. 
Following the raised water level, the Qs∙δtcumulative curve and shoreline both stabilise, indicating 
near equilibrium conditions at the raised water level from approximately t > 30h. There is also 
a gradual loss to offshore deposition, leading to a deeper offshore limit, following the raised 
water level.  
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The net sediment transport, qs∙δt (x), curves between the initial and raised water level 
profiles show a greater amount of transport occurring in both directions compared with the 
translated PTM profile. This corresponds to an increasing berm volume as well as greater losses 
of sediment offshore, resulting in the profile lowering around x ≈ 11 m. Although there was a 
substantial onshore transport associated with the deposition volume, all models overpredicted 
the shoreline recession (Table 4.2.1, Figure 4.2.1 and Figure 4.2.2). Due to the deposition 
volume, the predicted recession by Rosati et al. (2013) (+27%) was greater than that of the 
original Bruun Rule (+10%) and the PTM (+17%). The predicted deposition volume from the 
PTM was VD = 0.017m
2, half of that observed (Table 4.2.1). It is possible that the profile did 
not progress far enough toward equilibrium by the time of the water level change. However, 
the profile appeared to have stabilised sufficiently by the usual measures (shoreline, step and 
berm crest locations). Alternatively, overtopping enhances landward sediment transport by 
reducing the backwash (Baldock et al., 2008) and therefore the presence of the berm at the 
outset of the test at the raised water level promotes greater onshore transport than that which 
would have occurred on the plane beach. Therefore, since the hydrodynamic-morphodynamic 
feedback is different in the two tests, exact profile similarity is unlikely. This factor is expected 
to be exacerbated by the random waves, with variable runup limits. This additional transport 
occurs in the inner surf zone (11 m < x < 12 m), and while allowing the berm to grow, also 
feeds the subaerial beach profile, resulting in less recession than predicted.  
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Figure 4.2.10: a) Contour plot of profile change versus time for A2. Colour bar in metres. 
The shoreline is green with + markers. b) Evolution of integrated net sediment transport, 
Qs∙δt, and shoreline position versus time. c) Profile change between the final profiles at the 
initial (blue dashed line) and raised (solid black line) water levels as well as the translated 
initial water level profile using the PTM (dashed red line). d) Net sediment transport, qs∙δt 
(x), corresponding to the measured and translated profiles. 
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Figure 4.2.11: a) Contour plot of profile change versus time for A3. Colour bar in metres. 
The shoreline is green with + markers. b) Evolution of integrated net sediment transport, 
Qs∙δt, and shoreline position versus time. c) Profile change between the final profiles at the 
initial (blue dashed line) and raised (solid black line) water level as well as the translated 
initial water level profile using the PTM (dashed red line). d) Net sediment transport, qs∙δt 
(x), corresponding to the measured and translated profiles. 
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4.2.3 The mean recession of the profile, Rm 
Figure 4.2.12 shows the percentage error of each model’s predicted recession concerning 
Rm, for each stationary wave climate experiment, where a negative percentage error indicates 
an underprediction of each model compared with Rm. The percentage error of Rm is reduced 
compared with Rshore (Figure 4.2.2). The performance of Rm remains variable, but the absolute 
percentage error is reduced in most cases. Each model underpredicted Rm in many of the 
stationary wave climate experiments. A possible reason for this would be if the profiles did not 
progress far enough toward equilibrium at the initial water level. Using the percentage error of 
the PTM to indicate experimental uncertainty suggests that both the Bruun (1962) and Rosati 
et al. (2013) models provided predictions that were within 5% of the observations for the barred 
profile experiments (IE1 – E5), accounting for experimental errors. The predictions from the 
R13 model (Rosati et al., 2013) were within the expected experimental uncertainty for all 
experiments. Therefore, the inclusion of the overtopping volume improved the prediction, 
accounting for the sediment that was transported landward. This is particularly evident for the 
bermed profile experiments (A1 – A3), where overtopping was more influential. 
 
Figure 4.2.12: Percentage error of each 
model concerning the mean recession of 
the profile for each stationary wave 
climate experiment. The vertical axis scale 
is the same as Figure 4.2.2. 
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4.3 Results of the Cyclic Wave Climate and Water Levels 
Experiments C1 to C6 
The profile development for experiments C1 − C6 is illustrated in Figure 4.3.1 and Figure 
4.3.2. During the water level fall experiments, C1 and C2, Rshore closely matches the predictions 
of the Bruun Rule, almost perfectly for C1 and to within 11% for C2 (Table 4.2.1, Figure 4.2.1, 
Figure 4.2.2 and Figure 4.3.2). The offshore breaker bar present in the initial profile moves 
offshore, as does the inner bar, and the profile maintains a good degree of similarity. For each 
water level, the surf zone and beach profile exhibit an oscillating behaviour associated with the 
two different wave conditions. The nearshore bar propagates offshore during the storm phase 
and returns shoreward during the recovery phase. These oscillations are present at all water 
levels but are most apparent immediately following a water level rise (C3 − C6; t > 168 h; 
Figure 4.3.2).  
By the end of the two reduced water levels, an offshore sand lobe was present (at approx. 
9.5 m < x < 10.5 m, C3, Figure 4.3.3). The lobe appears to have developed as a result of the 
diverging net sediment transport in that region for C1 and C2 (qs·δt(x) < 0 for x < 10.3 m and 
qs·δt(x) > 0 for x > 10.3 m, Figure 4.3.3). During C1 and C2, there is a significant onshore 
transport component from the landward edge of the offshore bar, similarly to E4, this is in 
agreement with the anticipated response suggested by Bruun (1983). For C3, the waves could 
propagate more readily over the stranded offshore breaker bar (lobe) at the raised water level, 
resulting in more energy arriving in the nearshore and a more distinct bar oscillation response 
(x > 11 m, C3 to C6, Figure 4.3.2 and Figure 4.3.3).  
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Figure 4.3.1: Time-stack of cross-shore development of all profiles at all water levels. Note 
the initial profile was not planar. The white line indicates the shoreline. 
 
 
Figure 4.3.2: a) Contour difference plot for C1 to C6, relative to a planar 1/10 profile, 
showing profile progression through all water level changes. The green crosses and line 
indicate the measured shoreline, and the predicted recession from the Bruun Rule (Table 3) 
relative to the final shoreline position at each previous water level for C1 − C6 is the solid 
black line.  b) Time series of water level changes across all experiments. 
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Figure 4.3.3: Profile changes and net sediment transport (qs∙δt) curves between start and 
end for C1 − C6. Profiles shown are the mean of the final four profiles at each water level. 
Due to the fixed axis scales to improve the visibility of C2 – C6, the peak for C1 is situated 
off the plot at x = 11.21m and qs·δt = 0.014m2.  
For C3 to C6, the shoreline recession was lowest during C4 which was also when the water 
returned to the initial level (Figure 4.3.3, Figure 4.3.4). At the end of C4, the shoreline remains 
seaward of its original position at time t ≤ 0 h, corresponding to the overall accretion of the 
profile during all preceding experiments (C1 to C4). The net cross-shore sediment transport 
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during C4 is almost entirely positive (Figure 4.3.3), which is in opposition to one of Bruun’s 
(1962) key assumptions – that of only offshore sediment transport as a response to water level 
rise. Infilling between the ridges that remained after the falling water level experiments (C1 
and C2, 12.4m < x < 13m, Figure 4.3.3) resulted in significant landward depositions. These 
factors resulted in the largest overestimates and greatest absolute percentage errors, relative to 
Rshore, of the entire experimental program by the original Bruun Rule, R13 and PTM (Table 
4.2.1, Figure 4.2.2). All models closely predicted the shoreline recession during C6, with errors 
less than 5%. The near-perfect prediction by the Bruun Rule corresponded to poorer 
performance of R13, which overestimated the recession by the additive factor of a positive VD. 
The two onshore transport regions take up a similar area (Figure 4.3.3), effectively cancelling 
their respective effects. That is, increased recession due to overtopping losses (Rosati et al., 
2013) and reduced recession due to sediment introduced from offshore (Dean and Houston, 
2016). See below (Section 4.3.1) discussion regarding the potential application of Dean and 
Houston’s (2016) onshore transport term, VI. 
Figure 4.3.4 shows the cumulative integrated net transport, Qs∙δtcumulative curve for all 
experiments (C1 − C6), and it indicates net-shoreward sediment transport over the whole cycle. 
Strong accretion occurred during the initial water level and C1 (t < 77 h), after which there is 
a more gradual accretive trend to the beach response from the lowest water level (C2) and 
during the four raising water levels (C2 − C6, t > 77 h). The offshore lobe that remains after 
C2 continues to feed the upper profile for the remaining experiments (C3 − C6). During each 
separate experiment, Qs∙δtcumulative approaches equilibrium, and the oscillating shoreline and 
beach profile were very stable. The strongest onshore transport occurred during the first water 
level fall experiment (C1, 0 h < t < 80 h), which the net sediment transport curve, qs·δt (x), 
reflects for C1 in Figure 4.3.3. The strongest accretion response under rising water levels 
occurred during C4, corresponding to the steepest gradient in the Qs∙δtcumulative curve (220 
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h < t < 300 h) and lowest recession under rising water levels (C3 − C6). Immediately following 
each water level rise Qs∙δtcumulative exhibits an erosive response, with an initial decrease, 
excepting C6 (t > 399 h, Figure 4.3.4).  However, gradual net accretion followed the initial 
erosion after each water level rise, to final Qs∙δtcumulative values greater than the previous water 
levels that signify an overall net onshore movement of sand, despite the rising water level. The 
initially strong accretive profile response (t < 0 h, Figure 4.3.4) was anticipated because the 
initial profile was a profile near equilibrium with the erosive wave component of the cycle that 
featured a large bar. The average wave climate that drove profile change for this experiment 
series contained less energy than the conditions that shaped the initial profile. There is some 
indication that the wave conditions were balanced when considering the reducing rate of 
change for Qs∙δtcumulative over the final three experiments (t>220 h, Figure 4.3.4) and no change 
outside the repeating oscillations of Qs∙δtcumulative for C6 (t>400 h, Figure 4.3.4) may indicate a 
near dynamic equilibrium. 
 
Figure 4.3.4: Cumulative integrated net sediment transport, Qs∙δtcumulative (left axis, blue 
stars), and relative shoreline from the start (right axis, orange circles) for entire cyclic wave 
climate experiment series.  
While the overall Qs∙δtcumulative indicated an accretive response, the shoreline exhibited 
progradation and recession in a step-wise manner due to each change in water level. However, 
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it barely changes position outside of the oscillations related to the profile responding to the 
different wave conditions. During C1 and C2, the shoreline prograded by approximately 0.35 m 
after each water level fall. During the rising water levels (C3 – C6), the shoreline receded each 
time, but to a lesser extent than the falling water levels for C3 and C4. The accretive response 
resulted in prograded shorelines compared with the previous time the water was at the same 
level (e.g. C3 compared with C1 and C4 compared with the initial water level). So, when the 
water level returned to the initial (z = 0 m, C4), it remained prograded by approximately 0.2 m. 
The shoreline continued to recede with each water level rise, and the recession was greater for 
C5 and C6, compared with C3 and C4, but the overall profile response continued to accrete, as 
indicated by Qs∙δtcumulative.  
Figure 4.3.5 provides the first and last profiles of the entire cyclic wave climate experiment 
series along with the qs∙δt (x) distribution. There was only a minor closure error between the 
two profiles. The final value of Qs∙δtcumulative ≈ 0.031 m3 in Figure 4.3.4 corresponds to the 
integrated value of qs∙δt (x) (Figure 4.3.5b), where the overall accretive response of the profile 
after all the waves and water levels is clear. The introduction of sediment from offshore shelf 
sand bodies, or ‘lobes’, has been observed in the field at a few sites along the northern New 
South Wales and southern Queensland coastline in Australia, and it seems reasonable to assume 
that they would occur elsewhere. The lobes documented by Patterson (2013) appear to provide 
a shoreward sand supply at rates of up to 100,000 m3/yr. Following the responses observed in 
the laboratory and the onshore transport term suggested by Dean and Houston (2016), offshore 
lobes may help reduce shoreline recession with SLR (Figure 4.3.2) through a continual 
introduction of sand to the upper profile, while the deposit remains. The shoreline is still 
receding, but less than that predicted by the Bruun Rule. Whether recession due to water level 
rise can be mitigated by the addition of sand to induce an onshore sand supply and whether this 
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is an optimal solution compared to other nourishment strategies, will be the subject of further 
experiments presented in Chapter 5.  
 
Figure 4.3.5: a) Initial profile at t = −52 hours and final profile at t = 455 hours. b) net 
sediment transport distribution, qs∙δt (x), which corresponds to Qs∙δt ≈ 0.031 m3. 
4.3.1 Application of Dean and Houston’s (2016) onshore transport term 
The oscillating profile response of the cyclic wave climate experiments presents an 
opportunity to investigate the application of Dean and Houston’s (2016) onshore transport 
term, VI, Eq. (2.2.4), see Chapter 2, Section 2.2.4. At each water level, the nearshore bar can 
be seen to oscillate seaward and landward with the variable wave climate (Figure 4.3.1). Figure 
4.3.6 shows all profiles measured during C4 along with the usual offshore and onshore profile 
limits (magenta stars) and a third, notional littoral depth, hL (green star at x ≈ 10.95 m) at the 
pinch point of the oscillating bar region. Here, a simplified version is used, which follows the 
format of Rosati et al.’s (2013) modification, Eq. (2.2.3): 
 𝑅 = 𝑆𝐿𝑅
𝑊 + (𝑉𝐷 − 𝑉𝐼) 𝑆𝐿𝑅⁄
𝐵 + ℎ𝐿
 (4.3.1) 
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The offshore limit (qs∙δt = 0 m2) is located at x = 9.2 m (Figure 4.3.6 and Figure 4.3.7). At 
the pinch point, 𝑥ℎ𝐿  = 10.94 m, the net sediment transport is onshore (Figure 4.3.7), 
qs·δt(𝑥ℎ𝐿) ≈ 0.0012 m
2.  The net sediment transport across 𝑥ℎ𝐿  may be used to define VI in the 
same manner as VD, see Chapter 3, Section 3.3.7, Eq. (3.3.8), repeated here:  
 𝑉𝐼 =
𝑞𝑠(𝑥ℎ𝐿)
𝑛
 (3.3.8) 
VI would be used in a predictive sense for the following water level rise, the assumption, 
similarly to DH16, is that this transport across 𝑥ℎ𝐿  remains constant. 
 
Figure 4.3.6: Demonstration of different offshore limits. a) All profiles for E4, with a 
repetitive bar oscillation. b) Standard deviation, σ, of all profiles. Three manually selected 
limits (where σ(z) ≤ 1mm) are indicated in (a) as magenta and green stars. Magenta stars 
indicate the usual offshore and onshore limits, h* and B, and the green star indicates the 
littoral depth, hL, used in Dean and Houston’s (2016) model.  
During the water level rise cases (C3 − C6), sediment is transported shoreward from the 
offshore lobe, acting as a source of sediment for the nearshore profile. Table 4.3.1 provides the 
values of the introduced volumes, and the other parameters needed for calculating the recession 
predicted according to Eq. (4.3.1). Figure 4.3.8 shows the percentage error of each model again 
for the cyclic wave climate experiments, including the DH16 results (not included in Figure 
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4.2.2). Differences in the predictions between the DH16 model and the others are related to 
two factors: (1) inclusion of VI; and (2) different offshore limits may provide different profile 
slopes (i.e. 
ℎ𝐿+𝐵
𝑊
≠
ℎ∗+𝐵
𝑊
).  
 
Figure 4.3.7: a) Initial and final profile for C4. The notional shallower offshore limit, hL, is 
indicated with the green star. b) Net sediment transport, qs·δt; at the green star, 
qs·δt(𝑥ℎ𝐿) ≈ 0.0012 m
2.  
For C3, some offshore net transport occurred for x < 9.6 m (Figure 4.3.3) and landward of 
this was a small region of net onshore transport. However, the littoral depth, hL ≈ 0.178 m, was 
landward of this point in a region of net-offshore sediment transport, resulting in a negative 
value, VI ≈ −0.0019 m3. This has the effect of increasing the predicted recession, Eq. (4.3.1), 
contributing along with a reduced profile slope to the largest overestimate of all models (Table 
4.3.1, Figure 4.3.8). The remaining three experiments (C4 − C6) all have a net-onshore 
transport across 𝑥ℎ𝐿, reducing the predicted recession in each instance. Overtopping and 
sediment deposition in the form of a berm above the still water level occurred for all four rising 
water level experiments (Figure 4.3.3). For C4, the different profile slope and VI resulted in a 
markedly improved recession estimate by DH16, compared with the other three models (Bruun, 
R13 and PTM, Figure 4.3.8), now only overestimating by 16% (Table 4.3.1, Figure 4.3.8). For 
C5 and C6, the DH16 model underestimated the observed recession (negative percentage error, 
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Figure 4.3.8). For C5, the model exhibited comparable absolute accuracy with the other models 
(Figure 4.3.8). For C6, the magnitude of the percentage error for DH16 was the greatest of all 
models, but the underestimate was still only 7%. The offshore lobe slowly smooths out over 
time (Figure 4.3.3), with the location of peak shoreward transport on the lobe migrating 
shoreward, so the introduction of sediment from this offshore deposit would eventually cease 
as this point approaches the limiting depth or erodes to a stable slope. 
Table 4.3.1: Observed profile recession and parameters for calculating the recession prediction 
for DH16, incorporating the introduced volume, VI, across the littoral depth, hL, for the cyclic 
wave climate experiments. 
 
Comparing the models with the measured mean recession of the profile, Rm, the percentage 
errors were similar or improved for five out of the six cyclic wave climate experiments (Figure 
4.3.9). However, the percentage error was worse for Bruun, PTM and R13 for C1, C5 and C6. 
Dean and Houston’s (2016) model provided the most accurate mean recession of the profile 
values for all but C3 and the absolute error, compared with the Rshore percentage error (Figure 
4.3.8) was reduced for all, except C1. 
ID SLR R shore R m h *  or h L B W β V I R %Error
[-] [m] [m] [m] [m] [m] [m] [-] [m
3
/m] [m] [%]
C1 -0.03 -0.320 -0.307 -0.209 0.099 3.250 0.097 -0.0005 -0.315 -1.6
C2 -0.03 -0.290 -0.306 -0.251 0.054 3.340 0.092 -0.0022 -0.321 10.8
C3 0.03 0.260 0.324 -0.178 0.036 2.476 0.100 -0.0019 0.358 37.6
C4 0.03 0.200 0.230 -0.149 0.050 1.590 0.095 0.0053 0.227 13.6
C5 0.03 0.280 0.258 -0.149 0.095 1.923 0.096 -0.0003 0.245 -12.6
C6 0.03 0.320 0.278 -0.169 0.119 2.836 0.094 0.0030 0.296 -7.4
DH16
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Figure 4.3.8: Percentage error for each model, including DH16 (Dean and Houston, 2016).  
 
Figure 4.3.9: Percentage error of each model concerning the mean recession of the profile 
for the cyclic wave climate experiments. This plot includes the DH16 (Dean and Houston, 
2016) results. The vertical axis scale is the same as Figure 4.3.8. 
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5 Results of laboratory investigations of nourished beach 
responses to raised water levels 
5.1 Summary 
This chapter presents the results of experiments that investigate the hypothetical use of 
nourishment to reduce SLR-driven beach profile recession when subjected to raised water 
levels. As with the non-nourishment experiments in the previous chapter, most profiles 
developed from planar at an initial water level until they stabilised before the nourishment was 
introduced. Following the nourishment, the water level was raised, and the waves continued. 
Nourishment mounds were placed on the subaerial beach, around the shoreline, and in the surf 
zone. The shoreline recession, Rshore and mean recession of the profile, Rm are measured. 
Recession values are compared with predictions provided by the Bruun rule (Bruun, 1954), 
Rosati et al.’s modification (Rosati et al., 2013), the profile translation model (PTM), and Eq. 
(3.5.2), which features a new term added to Rosati et al.’s (2013) formula, allowing for the 
nourishment volume, VN. Comparison between the nourishment experiments and equivalent 
non-nourishment experiments of the preceding chapter is provided in Chapter 6, Section 6.6.  
5.2 Results of nourishment experiments 
Table 5.2.1 provides an overview of some of the results along with profile limits for 
calculating the Bruun Rule and the overtopping-deposition (VD) and nourishment (VN) volumes 
for implementation of Rosati et al.’s modification and Eq. (3.5.2), respectively. The recession 
predicted by the PTM is also detailed. Figure 5.2.1 plots the prediction of each model against 
the observed Rshore and Rm; and Figure 5.2.2 provides the percentage errors of each model with 
respect to Rshore and Rm.   
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Figure 5.2.1a plots the predicted recession, Rpredicted, versus the observed shoreline 
recession, Rshore for each model. Except for NE2, the PTM provided the most accurate 
prediction for all experiments, followed by Eq. (3.5.2). The Bruun and Rosati et al. (2013) 
model predictions were consistently greater than the observed Rshore for all the nourishment 
experiments. This is in stark contrast to the non-nourishment experiments, where the models 
typically underpredicted the recession for each of the barred profile experiments (Figure 4.2.1 
and Figure 4.2.2). Figure 5.2.1b plots Rpredicted against the observed mean recession of the 
profile, Rm. Again, the PTM and Eq. (3.5.2) tended to provide the most accurate predictions. 
The predictions of the Bruun Rule and Rosati et al.’s model also tended to be improved 
compared with the Rshore results. A comparison of both plots in Figure 5.2.1 demonstrates better 
agreement between Rpredicted and Rm for all models, with more of the points sitting closer to, or 
within the ±30% error bounds. The most outlying points of NE3 in each figure are due to the 
large shoreline nourishment significantly reducing both Rshore and Rm. 
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Table 5.2.1: Results overview of all nourishment experiments. Experiment (ID); water level change (SLR); observed shoreline recession (Rshore); 
mean recession of the profile (Rm); profile limits for calculating each model; the recession (R) predicted by the Bruun Rule (Bruun), Rosati et al.’s 
modification (R13), Eq. (3.5.2), and the Profile Translation Model (PTM); along with the overtopping-deposition volume (VD); nourishment 
volume (VN); and percentage error (%Error) of each prediction concerning Rshore, where a positive %Error indicates an overprediction. 
 
 
 
ID SLR R shore R m h * B W β R %Error V D R %Error V N R %Error R %Error
[-] [m] [m] [m] [m] [m] [m] [-] [m] [%] [m
3
/m] [m] [%] [m
3
/m] [m] [%] [m] [%]
NA1 0.035 0.140 0.300 0.434 0.139 4.731 0.121 0.289 106 0.000 0.289 106 0.030 0.237 69 0.240 71
NE1 0.065 0.611 0.638 0.405 0.181 6.008 0.098 0.666 9 0.000 0.666 9 0.050 0.581 -5 0.613 0
NE2 0.065 0.610 0.499 0.427 0.110 5.476 0.098 0.663 9 0.000 0.663 9 0.100 0.477 -22 0.472 -23
NE3_100 0.065 0.010 0.139 0.376 0.097 5.495 0.086 0.755 7451 0.017 0.791 7806 0.350 0.051 407 0.051 410
NE4 0.050 0.377 0.478 0.347 0.047 5.334 0.074 0.677 80 0.000 0.677 80 0.025 0.613 63 0.530 41
PTMR13 Eq. (3.5.2)Profile Limits Bruun
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Figure 5.2.1: Predicted versus observed for (a) the shoreline recession and (b) the mean 
recession of the profile. Legend: Rpredicted = Robserved (solid line); Rpredicted = Robserved ± 15% 
(--); Rpredicted = Robserved ±30% (∙∙∙); Bruun Rule (+); Rosati et al. (□); Eq. (3.5.2) (○); and 
PTM (△).  
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Figure 5.2.2: Percentage error of each model relative to the observed shoreline recession 
(a) and mean recession of the profile (b) for the nourishment experiments. Note: NE3 values 
are far off the top of each plot due to the observed recession providing small values for the 
denominator in Eq. (3.3.8), see Table 5.2.1 for the error values. Refer to Section 5.2.4 for 
discussion of the large percentage errors associated with NE3. 
5.2.1 Experiment NA1 – Bermed Profile, Berm Nourishment 
This experiment features the berm nourishment for the bermed profile experiment with a 
volume, VN ≈ 0.05 m3/m of sediment placed behind the wave-built berm at the initial water 
level to continue the beach slope and prevent overtopping at the raised water level. 
  
 154 
 
5.2.1.1 Profile development at the initial water level 
Figure 5.2.1.1 shows the initial and final profile at the initial water level, for which profile 
development occurred over 65 hours. There is a near-closure point (qs∙δt (x) ≈ 0) at x = 7.58 m, 
where the standard deviation of profile changes also dropped below 1 mm (Figure 5.2.1.2). 
Given the waves were monochromatic, changes occurring seaward of this point are almost 
certainly due to sediment transport that occurs with standing waves and the development of 
periodic bars (Carter et al., 1973). Therefore, h* = 0.434 m at xh* = 7.58 m was the chosen 
offshore limit and the berm crest, B = 0.139 m at xB = 12.31 m was the onshore limit (Figure 
5.2.1.2). 
 
 
 
Figure 5.2.1.1: a) Initial 1/10 planar profile (blue) and final bermed profile (black) at the 
initial water level for experiment NA1. b) Net sediment transport distribution. 
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Figure 5.2.1.2: Limits of profile change as determined by the standard deviation, σ(z). a) all 
profiles over the duration of the experiment. b) σ(z) of all profiles in (a), thick black sections 
indicate σ(z) < 1 mm. Magenta stars in (a) correspond to the offshore and onshore limits. 
Note, as this is a bermed profile, the onshore limit is at the berm crest; therefore, σ(z) >> 
1 mm. 
5.2.1.2 Berm-nourished profile development at the raised water level 
Following the nourishment, waves ran at the raised water level for a further 233 hours. 
Given the duration of waves, the profile change was modest. Figure 5.2.1.3 shows the initial 
nourished profile and final profile at the raised water level. The presence of the nourishment 
berm prevented overtopping and landward transport. The berm remained mostly unchanged 
throughout the experiment. Adding the sediment landward of the runup limit allowed the 
shoreline to continue accreting due to the onshore transport and prevention of overtopping, 
resulting in beach face accretion. The sediment transport was net onshore for x > 9.44 m and 
net offshore for x < 9.44 m (Figure 5.2.1.3). As with the lower water level, the profile change 
offshore might have been primarily driven by standing waves and periodic bar dynamics. The 
profile response between 9 and 10 metres does not appear to have developed according to 
Bruun’s (1962) predicted response, as the bed levels continued to deepen, rather than raise by 
the water level change (Figure 5.2.1.3). However, the relative influence of propagating wave-
driven profile change versus that of standing waves is unknown.   
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Figure 5.2.1.3: a) Profile development for NA1 from the initial nourished profile (dash-dot 
blue line), through darkening greys to the final profile (solid black line) after 233 hours of 
profile development. The PTM-predicted profile is the dashed red line. Pre-nourished 
profile indicated as cyan profile between 12.3 < x < 13.2 m. The initial and raised water 
levels are the horizontal lines at z = 0 m and 0.035 m, respectively. b) Net sediment transport 
curves for qs∙δt between the initial and final profile (solid black line) and the initial profile 
and the PTM-predicted profile (dashed red line). 
Figure 5.2.1.4 shows the mean profile contour recession plot for NA1. The mean recession 
of the profile was Rm = 0.300 m, corresponding to a reduced absolute error of all models (Figure 
5.2.1 and Figure 5.2.2). However, all models underpredicted the mean recession. The large 
contour recession values around −0.38 m < z < −0.25 m (Figure 5.2.1.4) resulted from the 
sediment being transported away from the area in both directions (see x ≈ 9.2 m, Figure 5.2.1.3). 
The net onshore transport in the upper profile (x > 9.2 m, Figure 5.2.1.3) resulted in beach 
accretion and contour recession values less than Rm for the upper profile contours, i.e., R(z) < 
Rm for −0.25 m < z < 0.1 m (Figure 5.2.1.4). 
Figure 5.2.1.3 also provided the output of the PTM, where the predicted recession was 
0.240 m, which was comparable with the prediction of Eq. (3.5.2) (Table 5.2.1). The PTM 
predicted some erosion of the beach and offshore transport only, in opposition to the observed 
response. The runup limit was lower than the nourished berm crest elevation, and to conserve 
profile shape and volume, the PTM receded into the initial profile, including the berm. Due to 
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continued accretion, the profile shape was not exactly conserved in the experiment and the 
translated profile assists in visualising differences in the profiles at the two water levels (i.e. 
compare the dashed red and black profiles in Figure 5.2.1.3). The step was smoothed out at the 
raised water level (x ≈ 11 m), and the offshore profile elevation decreased, rather than increased 
(8.3 m < x < 10 m). The qs∙δt (x) distribution in this region indicates that sediment was 
transported away from this region in both directions (qs∙δt (x ≈ 9.2 m) = 0, Figure 5.2.1.3). 
 
 
Figure 5.2.1.4: Mean recession of the profile. a) The blue profile is the initial profile; the 
black profile is the final profile at the raised water level, with elevations reduced to align 
the still water levels at z = 0 m (horizontal black line); and the dashed grey profile is the 
final nourished profile at its original elevation. b) Contour recessions, R(z), where δz = 
1 mm, along with the mean recession of the profile (Rm, vertical black line) and the Bruun 
Rule prediction (dashed vertical black line). 
For NA1, the measured shoreline recession was Rshore = 0.148 m. The Bruun and Rosati et 
al. model provided the same recession prediction of 0.289 m due to the nourishment preventing 
overtopping (VD = 0). The effective nourishment was taken to be 0.03 m
3/m (Table 5.2.1), 
which was the deposition volume measured at the end of A2 (Section 4.2.2.2). The continued 
accretion of the beach at the raised water level resulted in an Rshore that was less than the 
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recession that would occur under inundation only (in the absence of waves). Therefore, the 
recession was reduced due to the prevention of overtopping and accretionary waves continuing 
to introduce sediment to the upper profile from offshore.  
5.2.2 Experiment NE1 – Barred Profile, Berm Nourishment 
This experiment features the berm nourishment with a volume, VN ≈ 0.09 m3/m of sediment 
introduced as a steep-faced berm above the runup limit of the profile at the initial water level. 
5.2.2.1 Profile development at the initial water level 
The starting profile for NE1 was the final profile of E2 (Chapter 4, Section 4.2.1.5). Figure 
5.2.2.1 shows the initial and final profile at SWL0 (z = 0.065 m), for which the profile developed 
over 50 hours of waves.  
 
Figure 5.2.2.1: Initial profile development for NE1. a) Initial (dash-dot blue line) and final 
profile (solid black line) at the initial water level, SWL0 at z = 0.065 m. b) Net sediment 
transport distribution, showing both the closure-corrected (black line) and uncorrected 
(dotted line) curves.  
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5.2.2.2 Berm-nourished, barred profile development at raised water level 
Following the nourishment, waves ran at the raised water level (SWL1 = 0.13 m) for a 
further 50 hours. Figure 5.2.2.3 shows the profile development during this time. The 
subaqueous profile development occurred similarly to the previous non-nourishment water 
level (E2). The bar that remained from the previous water level instantly degenerated with 
some of its sediment partially filling the trough. A new bar generated and migrated offshore, 
filling the rest of the trough and a new inner bar formed. The nourishment berm eroded to 
supply sediment to the active profile and a scarp formed above the runup limit, z > 0.24 m. 
Figure 5.2.2.2 shows a photo of the scarped profile. The final depth of the bar crest was 0.01 
metres shallower than that of the previous water level, which may be due to altered 
hydrodynamics associated with the original trough infilling (10 m < x < 11.6 m).  
 
Figure 5.2.2.2: Photo of the scarps formed during the erosion of the nourishment berm. 
Figure 5.2.2.3 shows the profile development from initial through to the final profile and 
PTM prediction along with their net sediment transport distributions. The overall response of 
the profile was erosive (i.e. Qs < 0), but some onshore transport occurred where the original 
bar partially filled its associated trough (x ≈ 10.7 m). The surf zone width was 2 m, which was 
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narrower than the final profiles at each water level from E2 (SWL0 surf zone width ≈ 2.6 m and 
SWL 1 surf zone width ≈ 2.9 m). The predicted recession by the PTM was 0.613 m (Table 5.2.1). 
Comparably with NA1, the PTM’s accounted for profile shape (sediment availability) 
landward of the runup limit of the active profile at the initial water level. The PTM predicted a 
net onshore sediment transport peak around the initial profile bar crest, which is similar to the 
observed response. Given the close agreement at the shoreline, the difference between surf 
zone profiles at each water level is clear when comparing the translated and measured profiles 
at the raised water level in Figure 5.2.2.3. The net sediment transport distributions are in 
reasonable agreement with the greatest deviations due to differences in the surf zone profile (x 
< 13 m). The nearshore and subaerial profiles (x > 13 m) are in very good agreement.  
 
Figure 5.2.2.3: a) Profile development for NE1 from the initial nourished profile (dash-dot 
blue line), through darkening greys to the final profile (solid black line) after 50 hours of 
profile development. The PTM-predicted profile is the dashed red line. Pre-nourished 
profile indicated as a cyan profile for x > 13.8 m. The initial and raised water levels are the 
horizontal lines at z = 0.065 m and 0.130 m, respectively. b) Net sediment transport curves 
for qs∙δt between the initial and final profile (solid black line) and the initial profile and the 
PTM-predicted profile (dashed red line). 
For NE1, the measured shoreline recession, Rshore = 0.611 m. Due to the lack of any 
deposition volume, the Bruun Rule and Rosati et al.’s model provided the same recession 
prediction of 0.666 m. The effective nourishment volume, VN = 0.050 m
3/m, applied in Eq. 
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(5.1.2) predicted 0.581 m recession. All models had percentage errors within ± 10% of the 
observed Rshore and Rm (Table 5.2.1, Figure 5.2.1 and Figure 5.2.2). For Rshore, the PTM 
provided the smallest percentage error (0.3%), whereas incorporating the nourishment volume 
for Eq. (3.5.2) resulted in an underprediction. For Rm, the Bruun Rule, Rosati et al.’s model and 
PTM all had similar percentage error values, although the PTM underpredicted while the other 
two overpredicted and Eq. (3.5.2) was the least accurate with an underprediction.  
5.2.3 Experiment NE2 – Barred Profile, Surf Zone Nourishment 
This experiment features the surf zone nourishment with a moderate volume (VN ≈ 0.10 
m3/m) of sediment introduced in the bar trough of the initial water level profile. The volume 
was calculated using the PTM to determine the amount of sediment above the initial profile 
after translation. 
5.2.3.1 Profile development at the initial water level 
The initial water level profile for this experiment commenced from planar and 
demonstrated excellent repeatability, compared with the profile development with the same 
waves and over the same duration at the initial water level of E2 (see Figure 3.2.7).  
5.2.3.2 Nourished profile development at the raised water level 
Figure 5.2.3.1 shows the profile development over 50 hours at the raised water level and 
following the nourishment. Initially, the nourishment mound rapidly formed a breaker bar 
which gradually degenerated between 30 and 40 hours, depositing approximately 60% of the 
nourishment volume further offshore, down the shoreface. This response is comparable with 
the large-scale Supertank experiments (Kraus et al., 1992) and other flume experiments at a 
similar scale to UQ’s flumes (Walstra et al., 2008). A new bar formed and migrated offshore 
after the degeneration of the bar that formed off the nourishment mound. No net onshore 
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transport from the nourishment was evident between the initial and final profile (Figure 
5.2.3.1). Gradual beach erosion occurred to supply sediment for the new bar that developed 
following the destruction of the nourishment mound bar. The net sediment transport returns to 
near zero as x ≈ 10.9 m, indicating that most of the sediment eroded from the beach remained 
in the surf zone.  
 
Figure 5.2.3.1: a) Profile development for NE2 from the initial nourished profile (dash-dot 
blue line), through darkening greys to the final profile (solid black line) after 50 hours of 
profile development. The PTM-predicted profile is the dashed red line. Pre-nourished 
profile indicated as the cyan profile between 9.8 m < x < 11.1 m. The initial and raised 
water levels are the horizontal lines at z = 0 m and 0.065 m, respectively. b) Net sediment 
transport curves for qs∙δt between the initial and final profile (solid black line) and the initial 
profile and the PTM-predicted profile (dashed red line). 
Figure 5.2.3.2 provides the cumulative integrated net sediment transport, Qs∙δtcumulative, and 
relative shoreline response. Both responses indicate a reasonable degree of profile stabilisation; 
however, the location of the nourishment mound may cause the early response of Qs∙δtcumulative 
to exhibit a proportionally greater rate of change in the early stages of profile development. 
Large change rates at the start could make the later stages appear flatter and closer to 
equilibrium. A comparison with the response of non-nourishment E2, confirms this is not the 
case. NE2 had a lower initial rate of change for Qs∙δtcumulative compared with E2, and the final 
value of Qs∙δtcumulative ≈ −0.12 m3 (relative to that at the time of water level change, 
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Figure 4.2.5b) was greater than Qs∙δtcumulative ≈ −0.09 m3 exhibited in Figure 5.2.3.2. The 
nourishment might also have produced a favourable response of the shoreline, with the relative 
shoreline position at its maximum landward point at t = 22 hours, followed by a gradual 
seaward progradation. 
 
Figure 5.2.3.2: Cumulative integrated net sediment transport (blue stars, left y-axis), 
Qs∙δtcumulative, and relative shoreline response (orange circles, right y-axis) for Experiment 
NE2.  
50 hours of profile development were provided in the results above to maintain a 
comparable duration with other experiments. However, as the new bar did not appear stable, 
the waves and profile development continued to 84 hours. Figure 5.2.3.3 shows the full profile 
response, the new bar degenerated between 50 and 70 hours and did not propagate as far 
offshore as the nourishment mound location (also the location of the bar at SWL1 for the non-
nourishment E2). Further comparisons between the nourishment and non-nourishment 
experiments is provided in Chapter 6 (Section 6.6).  
The recession predicted by the PTM was 0.472 m (Table 5.2.1, Figure 5.2.3.1), which is 
comparable with the prediction of Eq. (3.5.2). In contrast to the reasonable agreement between 
the observed and PTM-predicted net sediment transport, qs∙δt(x), for NE1 (Figure 5.2.2.3), here 
the PTM and observed qs∙δt(x) distributions are very different. The PTM predicted almost 
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entirely net onshore transport, while the measured data was entirely net offshore. The 
difference is from the change in profile shape and offshore transport of 60% of the nourishment 
mound volume (Figure 5.2.3.1). 
 
Figure 5.2.3.3: Contour plot of profile slope (δz/δx, where δx = 0.1 m) development data. 
Bar crests are indicated as white areas between blue and red zones, with blue at the top (e.g. 
at t = 22 h, two bars are present at x = 10.1 m and 11.9 m). Troughs are white areas between 
blue and red zones, with red at the top. The green dashed line and crosses indicates the 
shoreline. The dashed black line indicates the initial nourishment mound crest location.  
After 50 hours of wave action, the measured shoreline recession was Rshore = 0.610 m, 
similar to that of NE1. Due to the lack of any subaerial deposition volume, the Bruun Rule and 
Rosati et al.’s model provided the same recession prediction of 0.663 m, which are also very 
similar to the values predicted in NE1. The nourishment introduced into the middle of the active 
profile provided an effective nourishment volume equal to the full nourishment volume (VN = 
0.100 m3/m). Incorporating the nourishment volume in Eq. (3.5.2) resulted in a reduced 
predicted recession of 0.477 m. The Bruun Rule and Rosati et al.’s model provided the closest 
shoreline recession predictions. The PTM and Eq. (3.5.2) provided underestimates of the 
observed Rshore of approximately 22% (Figure 5.2.1 and Figure 5.2.2). The mean recession of 
the profile was Rm = 0.499 m. The PTM and Eq. (3.5.2) provided the most accurate predictions, 
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each with predictions within −5%. The Bruun and Rosati et al. models (neither incorporate VN) 
over-estimated the mean recession by more than 30% (Figure 5.2.1 and Figure 5.2.2).  
5.2.4 Experiment NE3 – Barred Profile, Shoreline Nourishment 
This experiment features a nourishment with a large volume (VN ≈ 0.35 m3/m) of sediment 
introduced about the shoreline. The volume was calculated using the Bruun Rule to try to 
prevent any recession of the shoreline at the raised water level beyond the final shoreline 
location at the initial water level. 
5.2.4.1 Profile development at the initial water level 
The starting profile for this experiment was the final profile of the non-nourishment, falling 
water level experiment, E4. Section 4.2.1.8 provided more details of the initial profile 
development for this experiment. Figure 5.2.4.1 shows the initial and final profile at the initial 
water level, for which profile development had progressed over 50 hours. The surf zone width 
was approximately 0.4 m wider than the initial value at the previously raised water level. Profile 
development at the lowered water level resulted in a well-defined berm (13 m < x < 13.8 m, 
Figure 5.2.4.1), partially supporting Bruun’s (1988) hypothesised profile response to sea level 
fall. This is discussed further in Chater 6, Section 6.2.2, including the region of offshore 
transport for x ≲ 11.2 m. The berm crest (x = 13.57 m) indicated the runup limit used as the 
location of the onshore limit (xB, zB) used for the implementation of each model (Table 5.2.1).  
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Figure 5.2.4.1: Initial profile development for NE3. a) Initial (dash-dot blue line) and final 
profile (solid black line) at the initial water level, SWL0 at z = 0 m. Note: In this case, the 
profile response was a result of a decreased water level (E4). b) Net sediment transport 
distribution, showing both the closure-corrected (black line) and uncorrected (dotted line) 
curves. The dotted line is barely visible due to the excellent closure of the sediment 
transport curve. 
5.2.4.2 Nourished profile development at the raised water level 
Figure 5.2.4.2 depicts the profile response with the shoreline nourishment. Comparably 
with NE2, a breaker bar quickly developed offshore (x ≈ 10.3m, Figure 5.2.4.2) before 
degenerating between 38 and 46 hours (Figure 5.2.4.3) with sediment deposited seaward of the 
bar (~26% of the total nourishment volume, Figure 5.2.4.2). The nourishment sediment re-
distributed throughout the entire active profile. A replacement bar developed and was well-
defined at 50 hours, closer to the shore (x ≈ 11.7 m) than the initial bar location. The new bar 
did not move much over the next 50 hours, but the depth over the crest gradually increased 
(Figure 5.2.4.2). As with NE1 and NE2, the offshore depositions may have affected the 
hydrodynamics, resulting in the main breaker bar location closer to the shore. Figure 5.2.4.4 
provides the cumulative integrated net sediment transport, Qs∙δtcumulative, and relative shoreline 
response. Neither of these state indicators had stabilised by 100 hours, and ongoing offshore 
sediment transport is indicated by the negative dQs∙δtcumulative/dt. 
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Figure 5.2.4.2: a) Profile development for NE3 from the initial nourished profile (dash-dot 
blue line), through darkening greys to the profile after 50 hours (dashed black line) and the 
final profile after 100 hours (solid black line) of profile development. The PTM-predicted 
profile is the dashed red line. Pre-nourished profile indicated as the cyan profile between 
10.2 m < x < 13.5 m. The initial and raised water levels are the horizontal lines at z = 0 m 
and 0.065 m, respectively. b) Net sediment transport curves for qs∙δt between the initial and 
final profile (solid black line) and the initial profile and the PTM-predicted profile (dashed 
red line). 
 
Figure 5.2.4.3: Time stack of full profile development data at the raised water level (SWL1 
= 0.065 m) for NE3. The red line indicates the profile at t = 50 h. The white line indicates 
the shoreline.  
Figure 5.2.4.2 also shows the measured and PTM-predicted profile responses along with 
the net transport distributions of each. The net sediment transport, qs·δt(x) distributions are in 
good agreement. The PTM accounted for the nourishment in the calculation, resulting in a good 
reproduction of the beach and nearshore profile (Figure 5.2.4.2). The PTM predicted the 
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onshore transport from berm formation, although the prediction was less than what was 
observed, with a slightly lower berm crest and not including the deposition that occurred further 
landward of the PTM profiles termination (x ≳ 13.9). The surf-zone profile at the raised water 
level was again dissimilar to that of the previous water level. The PTM predicted slightly less 
onshore transport in the upper profile and had a net offshore transport peak of greater 
magnitude offshore, which resulted in the slightly increased prediction for recession compared 
to that observed.  
 
Figure 5.2.4.4: Cumulative integrated net sediment transport (blue stars, left y-axis), 
Qs∙δtcumulative, and relative shoreline response (orange circles, right y-axis) for NE3. 
In contrast to NE1 and NE2, the shoreface deposition was reasonably replicated by the 
PTM. The substantial nourishment volume reduced the landward recession required to balance 
the volumes, leaving the elevated offshore profile. However, the observed depositions 
propagated beyond the PTM prediction, both further down the shoreface, 7.8 m ≲ x ≲ 8.15 m, 
and further landward of the berm crest, 13.9 m ≲ x ≲ 14.1 m, (Figure 5.2.4.2).   
For NE3, the Bruun Rule predicted a recession of R = 0.756 m, and after 100 hours, the 
observed Rshore was just 0.01 m (although the recession of the nourished profile at the raised 
water level was 0.68 m). These small observed values generated very large percentage errors 
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due to the order of magnitude differences with the predictions (Table 5.2.1, Figure 5.2.2). 
Including VD = 0.017 m
3/m for Rosati et al.’s modification resulted in a prediction of 0.791 m, 
increasing the error. Including VN = 0.350 m
3/m for Eq. (3.5.2) reduced the error, resulting in 
the joint-nearest prediction with the PTM, of 0.051 m (Table 5.2.1, Figure 5.2.1 and Figure 
5.2.2). The mean recession of the profile of all contours in the active profile after 100 hours 
was Rm = 0.139 m. Eq. (3.5.2) and the PTM provided similar predictions and were the most 
accurate models with VN incorporated in their predictions. As with the Rshore above, Rosati et 
al.’s (2013) model provided the greatest overestimate due to VD leading to a greater predicted 
recession than the original Bruun Rule.  
5.2.5 Experiment NE4 – Barred Profile, Surfzone Nourishment – 2m Flume 
5.2.5.1 Profile development at the initial water level 
Figure 5.2.5.1a-c provides the profile development over 152 hours for the initial water 
level. During this time, a bar generated and migrated offshore before degenerating at 20 hours. 
A new bar replaced it, migrating offshore to x ≈ 10.21 m before returning shoreward to 
x ≈ 10.43 m where it remained for the final 50 hours (Figure 5.2.5.1b). The shoreward return 
of the bar coincides with the offshore accumulation (7.7 m < x < 8.5 m) that grows through net 
onshore sediment transport from further offshore around 6 m < x < 7.7 m (Figure 5.2.5.1a). 
The Qs∙δtcumulative and relative shoreline position (Figure 5.2.5.1c) both indicate a high degree 
of stabilisation of the profile, with little change after 70 hours. The subaerial profile only 
underwent minor changes over the duration of the initial water level profile development.  
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Figure 5.2.5.1: a) Profile development at the initial water level and the net sediment 
transport distribution between the initial and final profile. b) Contour difference plot is also 
showing the shoreline and bar crest locations. c) Integrated net sediment transport and 
relative shoreline development. 
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5.2.5.2 Nourished profile development at the raised water level 
Figure 5.2.5.2 depicts the bar-nourished profile response at the raised water level. The 
experiment ceased after 46 hours due to other commitments in the flume. The shoreline had 
stabilised after about 16 hours, but Qs.δtcumulative (Figure 5.2.5.3) maintained a gradual offshore 
trend that appeared to slow during the final 10 hours, during which time the relative shoreline 
exhibited minor progradation (Figure 5.2.5.2b).  
 
Figure 5.2.5.2: a) Profile development for NE4 from the initial nourished profile (dash-dot 
blue line), through darkening greys to the final profile (solid black line) after 46 hours of 
profile development. The PTM-predicted profile is the dashed red line. Pre-nourished 
profile indicated as the cyan profile between 8.9 m < x < 10.3 m. The initial and raised 
water levels are the horizontal lines at z = 0 m and 0.050 m, respectively. b) Net sediment 
transport curves for qs∙δt between the initial and final profile (solid black line) and the initial 
profile and the PTM-predicted profile (dashed red line).  
Figure 5.2.5.2 shows the measured and PTM-predicted profile responses along with the net 
transport distributions of each. The qs·δt(x) distribution of the observed profile response 
indicates net offshore transport in the upper profile (approx. x > 10.5 m) and net onshore 
transport further seaward. The PTM predicted offshore transport only, with more erosion of 
the beach face. 
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Figure 5.2.5.3: Cumulative integrated net sediment transport (blue stars, left y-axis), 
Qs∙δtcumulative, and relative shoreline response (orange circles, right y-axis) for NE4. 
After 46 hours, the shoreline recession was Rshore = 0.370 m. The Bruun Rule and Rosati et 
al.’s model (VD = 0) predicted a recession of R = 0.677 m (percentage error ≈ +80%). Including 
the nourishment volume, VN = 0.025 m
3/m, in Eq. (3.5.2) slightly reduced the predicted 
recession to 0.613 m (percentage error ≈ +63%). The recession predicted by the PTM was 
0.530 m (percentage error ≈ +41%). The mean recession of the profile of all contours in the 
active profile was Rm = 0.478 m. Again, the prediction of each model is improved, compared 
with Rshore. The PTM provided the smallest percentage error, followed by Eq. (3.5.2) (Table 
5.2.1, Figure 5.2.1 and Figure 5.2.2). The overpredictions associated with each model relative 
to Rm were also quite large for all models. The exclusion of the onshore transport from deeper 
water that occurred at both water levels (Figure 5.2.5.1a and Figure 5.2.5.2) will have reduced 
the recession required at the shoreline, and all models assume offshore transport only. The 
onshore transport may be due to a lack of equilibrium, but the response further demonstrates 
(as per experiments C3−C6, Chapter 4, Section 4.3) that a surplus of sediment offshore can 
result in onshore transport to reduce erosion of the shore in the presence of raised water levels. 
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5.2.6 Experiment NE5 – Barred Profile, Shoreface Nourishment 
Before nourishing, the profile development for NE5 progressed for 156 hours. The 
nourishment was introduced seaward of the bar as a veneer of sand that was intended to 
accommodate the region (8.5 m < x < 10.5 m) developing through deposition of the sediment 
eroded from the upper profile (Figure 3.5.8). Figure 5.2.6.1a provides the profile progression 
for the entire experiment. Figure 5.2.6.1b shows the scarp recession (horizontal displacement 
at z = 0.19 m) and Figure 5.2.6.1c depicts the cumulative integrated net transport and relative 
shoreline development over time.  
5.2.6.1 Nourished profile development  
The nourishment appears to have had little effect on the profile development, the shoreline 
and scarp recession did not exhibit any noticeable deviation from their pre-nourishment 
trajectory. There was an initial net onshore transport response indicated by the positive shift in 
the Qs∙δtcumulative trace immediately following the nourishment (Figure 5.2.6.2) and Qs∙δtcumulative 
stabilised for approximately 10 hours. However, it does not appear to have influenced the 
general, gradual erosive trend, which continued after the nourishment for t > 170 hours (Figure 
5.2.6.1c). With the 156 hours of waves shaping the profile before the nourishment, the profile 
changes had slowed considerably, so perhaps this underwhelming response should have been 
anticipated. The process of depositing sediment seaward of the main bar by this stage of 
evolution can take a very long time to cease (Swart, 1974). The lack of bar degeneration over 
the full 236 hours of profile development is interesting. It is possible that the scarping 
mechanism of profile erosion (as opposed to the gentler non-scarped erosion exhibited during 
NE2 and the other barred profile, non-nourishment experiments, E1, E2 and E3) provides more 
sediment into the profile to maintain the bar while the depositions further down the shoreface 
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continue. There was also no bar degeneration observed for NE1, which also recessed through 
scarping, although the experiment did not proceed for as long as NE5.  
 
 
 
Figure 5.2.6.1: a) Profile development from blue through darkening greys to black as the 
final profile, the red profile is immediately after the shoreface nourishment. b) Scarp 
recession at z = 0.19 m. c) Cumulative integrated net sediment transport (blue stars, left 
axis) and relative shoreline (orange circles, right axis). The red arrows indicate the time the 
nourishment occurred. 
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Figure 5.2.6.2: a) First two profiles after the nourishment. b) Onshore net sediment 
transport with an integrated value, Qs∙δt = 0.0024 m3.  
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6 Discussion 
This Chapter discusses various aspects of the profile responses documented in the non-
nourishment (Chapter 4) and nourishment (Chapter 5) experiments. Section 6.1 presents a 
discussion of the concepts of equilibrium responses both at stationary and changing water 
levels. Section 6.2 considers the results of the experiments presented with regards to the 
assumptions and hypotheses of the Bruun Rule.  Section 6.3 compares the offshore limits 
determined from the measured profile changes with some well-known empirical formulae. 
Section 6.4 discusses the potential impact of profile slope on the development of equilibrium 
profiles and their potential effect on the recession of a profile.  Section 6.5 presents a discussion 
on bar dynamics and provides some examples of the three stages of a bar lifecycle, as observed 
in the experiments presented here and elsewhere. Finally, Section 6.6 compares the 
nourishment experiments with equivalent non-nourishment experiments and discusses the 
differences between them. 
6.1 Equilibrium profile responses to stationary and changing water 
levels 
Consider the equilibrium response of some state parameter, P, described by Eq. (2.1.9) with a 
linearly varying forcing, such as gradual sea level rise, repeated here for convenience:  
 𝑇𝑚
𝑑𝑃(𝑡)
𝑑𝑡
+ 𝑃(𝑡) = 𝑃𝑒𝑞 (2.1.9) 
If sea level rise occurs at a constant rate, ?̇? (over-dot denotes time derivative, 
d𝑆
d𝑡
), with the 
profile limits, h* and B, as boundary conditions and other forcing kept constant, the shoreline 
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can be expected to retreat landward at the rate that follows the time-dependent solution for the 
Bruun Rule (cf. Bruun, 1962; or Nielsen, 2009): 
 ?̇? = ?̇?
𝑊
ℎ∗ + 𝐵
    (6.1.1) 
Thus, the driving function for the recession of a contour within the active profile, for 
example, the shoreline, xs, is determined by the equilibrium response: 
 𝑥𝑠,𝑒𝑞(𝑡) = 𝑥𝑠(𝑡0) + ?̇?𝑡 = 𝑥𝑠(𝑡0) + ?̇?
𝑊
ℎ∗ + 𝐵
𝑡    (6.1.2) 
 Figure 6.1.1 depicts a scenario where the sea level is initially stable, then abruptly 
commences rising steadily at tstart. Initially, xs(t) accelerates from zero velocity because there 
is no initial lag with the shoreline at equilibrium with the water level. Then, due to the constant 
forcing exerted by the time-varying sea level, the shoreline ends up migrating at the same rate 
as the SLR, but with a lag associated due to the morphological time scale, Tm, and the response 
following Eq. (2.1.9). When the forcing ceases at tstop, the shoreline continues to recede until 
the lag of  ?̇?𝑇𝑚 is made up in the following manner:  
 𝑥𝑠(𝑡 > 𝑡𝑠𝑡𝑜𝑝) = 𝑥𝑠,𝑒𝑞(𝑡 > 𝑡𝑠𝑡𝑜𝑝) − ?̇?𝑇𝑚𝑒
− 
𝑡−𝑡𝑠𝑡𝑜𝑝
𝑇𝑚     (6.1.3) 
A Tm associated with the profile adjustment to the change in water level results in a lag of 
the profile response to the sea level rise compared with the equilibrium state that eventuates in 
an exponentially decaying manner after the sea level stabilises, following e(−t/Tm). SLR in nature 
is very slow compared to other sea-level fluctuations that occur over a wide range of temporal 
and spatial scales (Chapter 1, Section 1.1.1). Therefore, the mean profile in dynamic-
equilibrium with a quasi-steady climate could respond to gradual shifts in sea level following 
something like the response the described above and in Figure 6.1.1.  
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Figure 6.1.1: Shoreline response to a linearly varying forcing (SLR) over time. The plot 
shows the full response from a sea level still-stand, through a gradual rise to another still-
stand. The blue line is the equilibrium response of the shoreline to the raised water level at 
a time, t and the red line is the observed response of the shoreline, incorporating the lag 
induced by the morphological time scale, Tm.  
In contrast to the scenario considered above, the experiments presented here feature profiles 
developing from planar or after step-changes in water levels with a stationary wave condition. 
Originally the profile was expected to progress toward a single profile shape corresponding to 
a static equilibrium profile with the stationary wave climate. However, considering the long 
duration experiment presented by Swart (1974) and E1C presented here, the concept of a static 
equilibrium profile is questionable. Both of these experiments commenced from a 1/10 planar 
slope, which may have had an effect on the sand availability. For example, flatter starting 
profiles may have had an initially different response where the majority of sediment is 
transported landward to generate the barred profile, as indicated by the initial profile 
development of E5 and NE4 (see Section 6.4 for more discussion on initial profile slope). 
However, once the profile has stabilised, the limit-state cycle of the bars does not cease over 
the full duration of Swart’s 2,800-hour experiment. These datasets indicate oscillatory profile 
responses and limit-states may be more likely. A profile may achieve a quasi-stable limit-state, 
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where the oscillations occur about a steady mean value or another form of dynamic equilibrium, 
but there is no evidence that the oscillations will cease completely to produce a static 
equilibrium profile. When a profile oscillating in dynamic equilibrium with a fixed forcing is 
exposed to a different forcing, such as an abrupt water level change, a new dynamic equilibrium 
could develop in a manner such as that depicted in Figure 6.1.2, where the dynamic equilibrium 
shoreline position may migrate, with ongoing oscillations that are initially of a higher 
frequency due to the disequilibrium.  
 
Figure 6.1.2: Possible response of the shoreline from one dynamic equilibrium location 
(Time < t0) to another (Time > t0), following a step-change in water level. Approach to the 
new dynamic equilibrium location occurs in an exponentially decaying manner. Note the 
shoreline is not continuous in this example, as the instantaneous water level rise results in 
an immediate shift landward before the waves resume.  
6.1.1 Limit-state cycles in laboratory experiments 
Cyclic bar profile responses are also known to occur in the presence of naturally varying 
wave climates, over varying timescales in the field (e.g. Wijnberg, 1996; Shand and Bailey, 
1999, Shand, 2003). It is important to note, in nature cycles often occur in the presence of 3D 
processes (i.e. long-shore and cross-shore responses occurring concurrently), whereas in 
laboratory wave flumes the cycles are primarily driven by two-dimensional, cross-shore 
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processes so caution is advised on direct comparisons between the laboratory flume and field 
data, regarding this phenomena. Swart’s (1974) experiment provides a unique dataset to 
consider this oscillating limit-state concept further. Monochromatic waves eroded a planar 1/10 
gradient sand profile to allow it to develop toward equilibrium. Figure 2.1.3 plotted the 
volumetric exchanges (L2 − L1) between the upper and lower sections of the D-Profile. For 
t > 1000 hours the values for L2 − L1 oscillate about the proposed trend line and equilibrium of 
5.554 m. Figure 6.1.3 plots the D-Profile width (distance between the onshore and offshore 
limits, Figure 2.1.6). Up to about 600 hours, the profile response is demonstrating a relatively 
fast change rate that starts to asymptote toward equilibrium beyond 600 hours. 
 
Figure 6.1.3: Development of Swart’s (1974) D-Profile width over time. 
Experiment E1C (Chapter 4) also demonstrated similar cyclic bar dynamics with random 
waves, with three cycles captured during the experiment. Figure 6.1.4 shows a contour plot of 
the profile development, where a few oscillatory signals are present throughout the profile 
contours. The shoreline and surrounding contours (i.e. 12.5 m < x < 13.8 m) exhibit an 
oscillation that occurs with the same frequency as the contours offshore of the bar crest 
locations (i.e. x < 10.1 m). These oscillations also appear to exhibit an asymptotic response, 
approaching a more stable configuration like the gradual stabilisation of the D-Profile (Figure 
2.1.6). While profile responses may take longer with random waves, the reduction in the 
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potentially strong feedback responses, associated with the concentrated energy dissipation with 
regular waves may mean that the profile may stabilise a little quicker with random waves, 
attaining a limit-state cycle earlier. However, this could not be confirmed here as the 
experiment duration would still be too long for the laboratory to accommodate.  
 
 
Figure 6.1.4: Contour plot of cyclic bar 
profile response captured at the raised 
water level of E1C. The still water 
shoreline at the raised water level, 
highlighted in green, was at the 
elevation z = 0.065 m. Contour 
increments are δz = 0.02 m. 
 
6.1.2 Equilibrium responses of profiles to stationary wave climates 
Attainment of equilibrium has been reported to require varying durations of constant 
conditions; this is likely dependent on the definition of equilibrium (Chapter 2, Section 2.1), 
which also varies in the literature. Profile responses occur over a wide variety of temporal and 
spatial scales. At times, some profile features develop with exponentially decaying change 
rates. In these instances, disequilibrium response models that apply exponential decay 
constants may be fine. However, even under controlled laboratory conditions, static 
equilibrium profiles do not appear to be attainable. This is attributed to the dependence on 
feedback mechanisms. While considering the inability to reach equilibrium as a response to 
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changing forcing conditions, Plant et al. (2001) also conclude that due to the nature of feedback 
mechanisms: "The implication is that even under steady forcing (e.g., constant offshore wave 
height), bars may not reach a stable configuration". The steady forcing in the experiments 
presented here and those of Swart (1974) seem to support this suggestion. Furthermore, 
sediment in sandy profiles will always be mobilised under waves, resulting in small-scale 
changes that can trigger broader profile changes, again through the nature of morphodynamic 
feedback responses. Even for profiles shaped under stationary wave climates, the equilibrium 
achieved appears to be more likely to be dynamic, rather than static.  
Swart (1974) proposed an equilibrium shape of the D-Profile in the form of a simple 
concave-upward profile that fits the mean profile shape, ignoring the bar fluctuations (Swart, 
1974, their figures 63 and 78). A prohibitively long-duration experiment is required to attain a 
dynamic equilibrium state (even with monochromatic waves) which many laboratories may 
find difficult to justify resource allocation. For example, assuming seven hours of waves per 
day for five days per week (allowing for regular water level checks, instrument calibration and 
profile measurements) provides 35 hours of wave action per week. Therefore, approximately 
ten months are required to complete 1,500 hours of profile change. Running experiments to 
investigate dynamic equilibrium profile responses to changed water levels would likely require 
doubly-long experiment durations. This is a difficult amount of resources to justify for a single 
experiment. No experiments conducted during this research had sufficient duration to 
determine dynamic equilibrium states. Considering that storms come and go on timescales of 
the order of ~72 hours, much of these extended duration profile responses with stationary wave 
conditions may be of purely academic interest. Again, caution is advised when considering the 
cyclic response of the bars in these and other laboratory experiments in comparison with those 
documented in the field. However, the field cyclic behaviour and concepts regarding their 
dynamic nature (e.g. Plant et al. 2001, Aagaard and Sorensen, 2012) are of more obvious 
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practicality for which some insight may be gained from these simplified scenarios. Generating 
continually onshore migrating bars in the laboratory as observed in the field by Aagaard et al. 
(2004) remains to be achieved.  
6.2 Laboratory assessments of the Bruun Rule 
This section considers the profile responses of the laboratory experiments presented in 
Chapters 4 and 5 with the expected profile response required by the Bruun Rule. The Bruun 
Rule was developed with a few core assumptions described in Chapter 1, Section 1.1. Each 
assumption stems from a single core assumption: the existence of an underlying profile in 
dynamic equilibrium where bars come and go with the quasi-steady wave climate. It must be 
noted that the response to the infinitesimally slow changes in water level experienced by natural 
beaches is very different to the step changes applied in the present experiments. The step 
changes produced very strong profile responses which would not represent the long-term 
natural progression of Bruun’s dynamic equilibrium profile in the field over a century of SLR. 
The previous section concluded that static equilibrium profiles might be unobtainable, and 
while a dynamic equilibrium of profiles corresponding to the average profile that occurs in the 
presence of limit-state oscillations may be possible, experiment durations would be 
prohibitively long. These are also different to the dynamic equilibrium profiles that occur in 
nature with variable water levels and wave climates. It is unknown whether these experiments 
ran for long enough to achieve a dynamic equilibrium state. However, the durations were 
sufficient to attain a reasonable degree of profile maturation and stabilisation at each water 
level that allows some consideration of aspects of profile responses to water level changes 
according to the profile response anticipated by the Bruun Rule. 
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6.2.1 Profile recession with raised water levels.  
From a more qualitative perspective, many of the experiments demonstrated some erosion 
of the upper profile with sediment transported seaward to raise the offshore profile with rising 
water levels. The cyclic wave climate experiment, C4, was a particular exception to this though, 
where the profile response resulted from almost entirely onshore sediment transport, providing 
some support to Davidson-Arnott’s (2005) alternative model. This response resulted in the 
greatest overpredictions by the Bruun Rule, Rosati et al.’s modification and the PTM compared 
with the observed shoreline and mean recession of the profiles. The bermed profile experiments 
also featured strong onshore transport through the landward end of the profile due to 
overtopping and reformation of the berm relative to the raised water level, also resulting in a 
landward shift in the profile. Experiment NA1 filled in the berm to prevent overtopping, which 
resulted in the continued accretion of the beach face, reducing the recession to less than what 
would have occurred with inundation only (i.e. water level rise in the absence of waves).  
The shoreline is a commonly used state parameter, for which the Bruun Rule and variants 
tended to underpredict the recession for the barred (erosive waves) profile experiments and 
overpredict it for the bermed (accretive waves) and cyclic wave climate experiments (Figure 
4.2.2). In the field, the shoreline is continually changing with tidal oscillations, which 
introduces more complexity to the issue and it would be important to define the shoreline 
clearly. Furthermore, to use the ‘shoreline’ in the field, with all the natural variability that 
occurs, the mean water level shoreline position associated with the dynamic equilibrium should 
be used to avoid variability inherent in using instantaneous profiles shaped by a variable wave 
and water level climate. Using single state parameters, such as the shoreline as a measure of 
the profile recession to assess the Bruun Rule is only robust if the profile shape is conserved 
exactly and all individual contours in the active profile demonstrate variability (e.g. Figure 
6.1.4). Many of the profiles commenced from a hand shaped 1/10 planar gradient beach slope. 
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This allowed comparable starting conditions for many of the experiments and also minimised 
the potential for error in selecting the profile limits. With a planar starting condition, the profile 
change was limited to the extent of the 1/10 profile. For the erosive experiments, this resulted 
in active profile limits that were located on the 1/10 profile which resulted in the predictions 
that were ten times the water level increase (Table 4.2.1). For the accretive wave conditions, 
the onshore limit was selected as the berm crest, which was located above the initial profile, 
producing a steeper profile gradient than 1/10 in these instances and reduced recession 
predictions as a result.  Figure 6.2.1 and Figure 6.2.2 demonstrate the difference between using 
the measured profile limits and just assuming a 1/10 or 1/15 planar slope. The prediction error 
is greater for each of the barred profile experiments (E1-E5) and variable for the bermed profile 
experiments (A1-A3) and cyclic wave climate experiments (C1-C6). Except for Experiment 
A1 for the Bruun Rule prediction and A1 and A3 for the Rosati et al. model prediction, the 
shoreline response prediction was worse when the planar slope was used instead of the 
measured profile limits for the bermed profile experiments (Figure 6.2.1). For the cyclic wave 
climate experiments, the prediction was improved by taking the initial slope for four of the 
experiments (C2-C5), where the prediction was worse, the prediction using the initial slope had 
an error within 10%. Similarly, for the mean recession, using the measured profile limits tended 
to provide more accurate predictions for Rosati et al.’s model providing the most accurate 
prediction of the mean recession of the profile for six out of the seven experiments detailed 
(Figure 6.2.2). However, the Bruun Rule had larger errors compared with the planar profile for 
all three bermed profile experiments (A1−A3). For the cyclic wave climate experiments, the 
prediction was comparable (C3) or improved (C1, C2, and C4-C6) by taking the initial slope. 
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Figure 6.2.1: Percentage error values for shoreline recession provided by the original Bruun 
Rule, B, (black bars) and Rosati et al.’s (2013) model, R, (red bars) using the measured 
profile limits, and the initial planar slope, β0 (1/10 for all except 1/15 for E5) (empty bars).  
 
Figure 6.2.2: Percentage error values for mean recession of the profile provided by the 
original Bruun Rule, B, (black bars) and Rosati et al.’s model, R, (red bars) using the 
measured profile limits, and the initial planar slope, β0 (1/10 for all except 1/15 for E5) 
(empty bars). 
The mean recession, Rm, was developed to consider the entire profile response to the 
changed water level and it appears to shift landward by comparable values to the predictions 
of the Bruun Rule and its variants. The percentage errors tended to reduce for all models to 
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within ±20%. However, although the error reduced, the Bruun Rule tended to underpredict the 
observed mean recession for 9 out of the 11 experiments (Figure 4.2.12). As proposed in the 
Methodology (Chapter 3, Section 3.3.6) the difference between Rm and the predicted recession 
of the Bruun Rule, or PTM, may be an indication of experimental error which could be due to 
a range of issues. A change in equilibrium due to altered hydrodynamics at different water 
levels could influence the variability. While sediment transport was typically maintained above 
the flume bed, the water was not deep water, meaning that changes in water level could affect 
the hydrodynamics in ways which resulted in more recession at the raised water level than 
predicted. A further factor that can result in a poor model prediction is if the profile at the initial 
water level had not progressed far enough to equilibrium. In this case, the active profile limits 
may be incorrect, resulting in a profile slope that is steeper than the equilibrium slope, which 
reduces the recession prediction.  So, the experiments do not correspond to Bruun’s assumption 
of transgression with constant profile shape. The existence of limit-state cycles and potential 
variability in the hydrodynamics means that the results are inconclusive regarding maintenance 
of equilibrium profile shape. Ultimately, the only way to conclude this would be through 
monitoring of field profiles over sufficient durations and with enough regularity to determine 
the development and maintenance of the dynamic equilibrium profile over time in the presence 
of SLR.  
For the cyclic wave climate experiments C1 – C6, the models tended to overpredict the 
observed Rshore and Rm. These overpredictions could be due to lack of equilibration and the 
introduction of sediment to the upper profile from the shoreface lobe that remained after the 
falling water level experiments (see the onshore sediment transport regions around the offshore 
lobe for each of the raising water level experiments, Figure 4.3.3). Onshore transport with 
𝜕𝑞𝑠
𝜕𝑥
<
0 from deeper water indicates a steepening profile, which could result in overpredictions due 
to a flatter active profile slope than equilibrium. Using shallower offshore limits and applying 
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Dean and Houston’s (2016) formula, Eq. (4.3.1), provided more consistent predictions of Rm 
(Figure 4.3.9).  
The differences between the original Bruun Rule and variants were minimal for the barred 
profile (IE1, SE1, E1-E5) and cyclic wave climate (C1-C6) experiments (Figure 4.2.2). When 
there is no overtopping deposition volume (VD = 0), Rosati et al.’s model reduces to the Bruun 
Rule. Similarly, the PTM performs comparably with the Bruun Rule scenarios where the profile 
landward of the runup limit is a planar slope (Figure 3.5.9). With the bermed profile 
experiments (A1-A3), there were larger differences between the models due to the inclusion of 
VD and the deviation from a planar profile landward of the runup limit (located at the berm 
crest). However, the inclusion of VD in Rosati et al.’s model did not always improve the 
prediction. The Bruun Rule provided the closest prediction for Rshore for experiments A2 and 
A3, resulting from the lower observed recession and increased predicted recession associated 
with the additive term, VD. As discussed above, the variability associated with these results is 
likely due to the difficulty in attaining equilibrium through variability in hydrodynamics and 
sediment transport at the different water levels. Therefore, little can be determined by the 
variable performance of the models beyond concluding that these results indicate that any of 
the three models may be expected to provide recession estimates within ±30% of the observed 
shoreline recession. Given this margin of error there is probably little difference in which model 
is used in this respect and the recession predicted by the underlying slope is as accurate as the 
other models. However, the sediment budget is important to quantify, as identified in the results 
of the nourishment experiments, discussed below. 
6.2.1.1 Mitigating coastal recession through nourishment  
As with the non-nourishment experiments, the experiment duration is short compared with 
SLR timescales. This set of experiments investigated a conceptual idea of nourishing an entire 
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coastal cell to mitigate SLR-driven profile recession. These experiments assume that the 
sediment may be maintained (potentially through repeated nourishment efforts) within the 
entire coastal cell for the duration associated with engineering problems, i.e., over the next 
century. Different placement locations were also investigated to consider the most appropriate 
location for depositing nourishment material, given the choice.  
These experiments may also be of interest for those considering profile responses to events 
of shorter duration, such as responses to storms and storm surge. The relatively instantaneous 
increase in water level associated with the arrival of a storm surge may be more representative 
of the step water level changes applied in these experiments. Insights may be gained from the 
profile response to the different nourishment locations for coastal profiles to be nourished with 
the intention of protecting an already eroded profile against any subsequent storms. However, 
it is important to note the duration of the experiments and notional scaling providing a 
prototype to model time scale ratio of the order NT ≳ 5 (Section 3.1.2) means that only the 
profile response within the first hour of the experiment may be representative of prototype 
profile responses to storm wave conditions and surges, which typically only last a few hours.  
Comparably with the non-nourishment experiments, the model predictions for the 
nourishment experiments (Chapter 5) tended to be in better agreement with Rm, compared with 
Rshore (Figure 5.2.2). There was more variability between the three variants compared with the 
non-nourishment experiments. This is due to the lack of any means of accounting for the 
introduced nourishment volume, VN, in the original Bruun Rule and Rosati et al.’s model, while 
VN was accounted for in the PTM and Eq. (3.5.2). The predictions were improved with the 
inclusion of VN and the PTM tended to provide the closest predictions of all four models. This 
result demonstrates the importance of considering all aspects of the sediment budget when 
attempting to predict profile responses such as these. 
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6.2.1.2 Potential field applicability of the mean recession of the profile 
Using a single measure of the profile recession, such as the shoreline or any other contour 
relative to the different still water levels, introduces error and is sensitive to profile shape and 
directly related to the surf zone morphodynamics, which can be very variable (i.e. E1C). The 
mean recession of the profile, Rm, Eq. (3.3.6), calculated from many contours (e.g. Figure 3.3.8) 
through the active profile, provides a more robust measurement of the mean profile response 
to changes in water level and does not require instantaneous profile shapes to be maintained. 
This method may apply to field profiles also, providing the field profile can be assumed to be 
two dimensional (e.g. no long-shore net sediment transport gradients). Under these conditions, 
conservation of volume requires that the mean recession of the profile in response to a change 
in water level should equal the recession of the dynamic-equilibrium mean profile (Figure 
3.3.7). With this method, any two profiles may be used to calculate the mean recession, 
providing the limits of the active profile due to cross-shore processes are known. Similar 
methods may also be applicable for other applications, such as determining long-shore 
transport gradients. 
6.2.2 Profile response to falling water levels 
Figure 6.2.3 shows the PTM-predicted response of a 2/3-power profile to a falling water 
level. This response demonstrates profile response in accordance with Bruun’s (1988) proposed 
response to falling water levels. With a step-drop in water level, the offshore profile is too 
shallow with the local bed slopes flatter than equilibrium, resulting in landward transport of 
the sediment and beach progradation to re-establish equilibrium, resulting in a subaerial berm 
formation. Note, the offshore limit is adjoined vertically to the initial profile; this would be 
more appropriately represented by a horizontal bed to the initial profile. Otherwise there is a 
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section further offshore with a shallower depth than the offshore limit. Although, the difference 
in the predicted transport distribution and progradation would be minimal 
 
Figure 6.2.3: a) Profile translation model applied to a falling water level on an idealised 
2/3-power profile with a planar sloping beach. The dashed line indicates the initial profile 
at the initial water level (SWL0, z = 0 m) and the solid black line indicates the new profile 
at the lower water level (SWL1, z = -0.05 m). b) Net transport of the PTM profile response. 
Experiments E4, C1 and C2 lend some support to the profile response indicated in Figure 
6.2.3. Some of the sand was transported landward to deepen the nearshore profile to reattain 
equilibrium under the same wave climate, which builds a berm on the beach. Onshore transport 
dominated the nearshore profiles of the falling water level experiments, and each built a berm 
above the still water level due to reduced nearshore depths. Figure 6.2.4 shows the profile 
development of E4. The offshore transport in the lower regions of the active profile does not 
agree with the predictions of the 2/3-power profile response in Figure 6.2.3. However, when 
applied to the measured profile at the initial water level, the PTM predicted the response quite 
well (Figure 4.2.7, Chapter 4, Section 4.2.1.8). 
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Figure 6.2.4: Profile response to a falling water level (experiment E4). a) Profile 
development. The profile progresses from blue to black, and the onshore and offshore net 
sediment transport is indicated as the red and blue arrows, respectively. b) Net sediment 
transport, qs·δt (m2). c) Timestack of net sediment transport rates, qs (m2/h) over the 
duration of the experiment. 
The offshore profile response of the initial profile breaker bar splitting at the start of E4 
may be considered with regards to the local bed slopes (δz/δx). The slopes throughout the 
profile offshore of the bar and beach face would have been close to their equilibrium states at 
the initial water level. Therefore, when the water level dropped, this resulted in a deviation 
from equilibrium that meant the offshore profile (x < 11.2 m) was too steep and the nearshore 
and beach face profile (x > 11.2 m) too shallow. This resulted in the offshore and onshore net 
 193 
 
transport in the two respective regions to reattain an equilibrium configuration. The position of 
the deviation between the offshore and onshore region (x ≈ 11.2 m, Figure 6.2.4) caused the 
bar to split, redistributing sediment in both directions through a diffusive sediment transport 
pattern (see Section 6.5 for more discussion on bar dynamics). The inner bar from the initial 
profile (x ≈ 12.9 m) was located at the shoreline following the reduction in water level and it 
was immediately transported landward to deposit on the beach as a berm. The berm continued 
to grow with the arrival of sediment from the landward redistribution of the sediment from the 
inner surf zone and bar.  
6.2.3 Review of alternative theories to the Bruun Rule 
Davidson-Arnott (2005) proposed an alternative mechanism for profile response to rising 
sea levels which is predominantly driven by net onshore sediment transport. This response 
might also be required of Dean’s (1987) equilibrium-sediment-depth hypothesis. The 
numerical investigation of Aagaard and Sørensen, (2012) to barred and 2/3-power profile 
responses to step changes in water level indicated a response dominated by shoreward sediment 
transport from the lower to upper shoreface for gently sloping profiles. Chapter 2, Section 2.2.3 
concluded by suggesting the actual response may be somewhere in between the two extremes 
of the Bruun Rule (1962) and Davidson-Arnott’s (2005) alternative model. The experiments 
presented here demonstrated that profile response is dependent on the wave conditions and 
profile slopes. The more erosive experiments with the steeper offshore profiles produced a 
response in reasonable accordance with the Bruun Rule and its core assumptions. The shoreline 
and beach eroded to deposit sediment offshore and the entire profile shifted upward by the 
same amount as the water level change, supporting Bruun (1962). However, the accretive 
profile responses produced during the berm (A1 – A3) and cyclic wave climate (C1 – C6) 
experiments demonstrated similar profile responses can also occur with a dominance of 
onshore transport, supporting Davidson-Arnott (2005). In these cases, the recession was 
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primarily driven by overtopping and landward transgression of the subaerial berm. The 
experiments that featured profiles with shallower offshore slopes (E3 – E5) demonstrated more 
intermediate responses.  
6.2.4 Summary 
These experiments applied relatively large step changes in water levels because it was not 
practically possible to simulate sufficiently slow water level changes. Incremental changes in 
water level to the same amount as a single step resulted in the same profile, given sufficient 
time, although the intermediate evolution did differ (Beuzen et al., 2018). Bruun (1962, 1988) 
did not consider SLR or recession as rate changes because time is not a factor in an equilibrium 
response, which assumes sufficiently long enough has passed for equilibrium to have been 
reattained. Therefore, the Bruun Rule is a very simple model that only requires a few explicit 
assumptions, namely: (i) the profile is two dimensional with no long-shore imbalances; (ii) the 
profile is in equilibrium with the wave climate; and (iii) the profile is made up of easily erodible 
sand. The profiles presented here were constructed on a single type of sand and demonstrated 
a good degree of two-dimensionality throughout the experiments at each water level (Figure 
3.2.3). While it appears that a static equilibrium profile is perhaps unobtainable, and a dynamic 
equilibrium would take too long to develop, the experiments were run as long as practically 
possible to ensure a sufficient degree of profile stabilisation prior to changing the water level. 
Therefore, these experiments constitute the most rigorous laboratory assessment of the Bruun 
Rule to date.  
With 1/10 gradients, the profile slopes used in the present research were relatively steep. 
However, they were selected as they were known a priori to readily produce distinct barred 
and bermed profiles under various wave conditions (Baldock et al., 2010). Small-scale models 
are also well known to produce steeper profiles than the prototype equivalents, and some 
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notional up-scaling indicated a potential horizontal to vertical distortion where a 1/10 slope 
may be more representative of a 1/60 slope in the prototype (see Chapter 3, Section 3.1.2). 
Further discussion around the effect of profile slopes on laboratory profile responses is 
provided in Section 6.4, below.  
Validation of the Bruun Rule requires a demonstration that the three hypotheses (Chapter 
1, Section 1.1) associated with the Bruun response occurs. The hypotheses summarised by 
Davidson-Arnott (2005) are reiterated here: (i) the beach erodes because of waves acting 
further up the profile; (ii) the eroded material is deposited offshore out toward the depth of 
closure; and (iii) the thickness of the offshore depositions equal the change in water level. 
These hypothetical profile responses have been observed to varying degrees in the presented 
experiments. The barred profile experiments, E1 and E2, exhibited solely offshore transport to 
raise the profiles by comparable values to the water level changes. However, the Bruun Rule 
does not predict the onshore transport in deeper water exhibited by experiments E3 and E5, 
which occurred with the previous water level’s bar destruction and bar-trough infilling. The 
falling water level experiment, E4 also produced a mixed response in comparison with the 
idealised dynamic equilibrium profile scenario. Nearshore sediment was transported landward, 
in agreement with Bruun’s prediction, but sediment was also transported offshore through the 
lower profile resulting from the bar splitting.  
Accretive wave conditions (A1 – A3 and NA1) produced profile responses with 
predominantly onshore transport (Qs∙δtcumulative > 0), where the profile still recessed. However, 
this recession was driven primarily by the maintenance of the subaerial profile through berm 
overtopping, demonstrating the response proposed by Rosati et al. (2013). This was further 
demonstrated by the nourishment experiment, NA1, which filled the void behind the berm to 
prevent overtopping and resulting in continued beach accretion at the raised water level.  A 
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predominantly accretive profile response was also observed for the cyclic wave climate 
experiments (Chapter 4, Section 4.3) over both falling and raising water levels. The water level 
rise experiment, C4 also featured a profile response that was comprised entirely of net onshore 
transport, yet the shoreline and beach face still receded.  
These experiments demonstrate that the profile response to water level changes is 
dependent on multiple variables, which have been attempted to be accounted for with 
modifications to Bruun’s original formulation (e.g. Stive et al., 1991; Stive and Wang, 2003; 
Thorne and Swift, 2009; Rosati et al., 2013; Dean and Houston, 2016). Bruun (1988) 
acknowledged the complexity of natural beaches and cautioned against the application of the 
Bruun Rule without a sound understanding of the material budget. Bruun also stated that his 
simple model was primarily an erosive model, rather than accretive. Given the lack of deep 
water conditions (which may affect the hydrodynamics of the waves at each water level), the 
profile responses for both erosive and accretive waves demonstrated reasonable profile shape 
maintenance. The differences may be related to the hydrodynamic changes associated with the 
water depth, lack of equilibration, or simply due to the chaotic and variable nature of profile 
responses in the presence of turbulence associated with wave transformation. 
6.3 Offshore limits for profiles developed under stationary wave 
climates 
Determining the extent of profile activity in the laboratory is relatively easy, although it 
still requires careful consideration of what is determined to be active. In these experiments, 
ripples occurred to greater depths than the offshore limit as defined by the standard deviation 
(Chapter 3, Section 3.3.4). Ripples indicate some sediment transport is occurring, however, as 
the standard deviation of the profile change over the duration of the experiments (nearly 400 
hours for E1C) was σ < 1mm (the measurement accuracy of the laser profiler), the rippled bed 
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typically extends beyond the active profile as defined above. Ripples were observed to 
continually migrate over time, indicating that the deeper portions of the profile were indeed 
active, but the mean bed elevation changes were not measurable beyond the occurrence and 
displacement of the ripples. For most of the experiments, accurately determining the offshore 
limit did not have a significant effect on the predictions of the Bruun Rule due to the initial 
profile being of a planar 1/10 gradient slope, which meant that the profile change was 
constrained to the same planar slope. This resulted in most recession predictions of the order 
of ten times the water level change. However, for experiments E3, E4 and NE3, where the 
initial offshore profile was shaped to the 2/3-power profile, as the profile flattens in the offshore 
direction, the selection of the offshore limit can significantly change active profile slope 
applied in the Bruun Rule, resulting in potentially large differences in the predicted recession.  
Furthermore, this issue arises in the flume if the bed activity reaches the horizontal flume 
bottom, the Bruun formula becomes undefined since the profile width, W, is then undefined. 
The present set of experiments provides an opportunity to investigate the offshore limit 
compared with Hallermeier’s (1981) two definitions (Eq. (2.2.1) and Eq. (2.2.2)) along with 
Bruun’s suggestion of (1988) 3.5Hbmax. However, without knowledge of the maximum 
breaking wave height in these experiments, the significant wave height, h* ≈ 3.5Hsig was used 
instead. Hallermeier’s limit-depth, hl provided the least accurate predictions while his 
incipient-depth, hi provided the closest prediction for 15 out of the 17 experiments (Table 
6.3.1). Figure 6.3.1 shows the prediction for each model and each experiment, plotted against 
the measured h*. There is considerable scatter, but the trend line for Hallermeier’s hi provides 
the closest fit. The values for 3.5Hsig also resulted in a linear relationship close to 3.5Hsig = h*, 
but a negative R2 value indicates the unpredictable performance of this approach, which may 
be due to the sole reliance on the wave height. Each of Hallermeier’s models uses wave period 
also, and hi also incorporates the sediment size. Therefore, if attempting to predict an offshore 
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limit for use with the Bruun Rule, these data indicate Hallermeier’s (1981) incipient depth, hi, 
may provide the most appropriate value for a measurable profile change. However, it should 
be noted that additional uncertainties arise when applying field models to reduced scale 
laboratories, and vice-versa, so the correlations observed here may not hold at different scales. 
Table 6.3.1: Comparison of measured offshore limits and predicted offshore limits of 
Hallermeier’s formulae (Eq. (2.2.1) and Eq. (2.2.2)) and 3.5Hsig. Bold indicates the predictions 
closest to the measured h*. 
 
 
 
Measured h * Hallermeier h l Hallermeier h i Bruun 3.5H sig
IE1 0.423 0.249 0.498 0.525
SE1 0.511 0.249 0.498 0.525
E1C 0.320 0.214 0.399 0.455
E1 0.320 0.214 0.399 0.455
E2 0.495 0.209 0.383 0.438
E3 0.409 0.209 0.383 0.438
E4 0.381 0.209 0.383 0.438
E5 0.402 0.236 0.483 0.560
A1 0.383 0.126 0.230 0.210
A2 0.476 0.151 0.358 0.245
A3 0.462 0.211 0.511 0.350
C1 0.209 0.158 0.256 0.350
C2 0.251 0.158 0.256 0.350
C3 0.329 0.158 0.256 0.350
C4 0.233 0.158 0.256 0.350
C5 0.246 0.158 0.256 0.350
C6 0.233 0.158 0.256 0.350
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Figure 6.3.1: Offshore limit depth provided by each model in Table 6.3.1, versus the 
measured offshore limit depth, h*, for each of the non-nourishment experiments. Black 
dashed line is the 1:1 line. Symbols indicate the depth limits according to each model in 
Table 6.3.1; i.e., 3.5Hsig (green triangles); hi (red circles); and hl (blue squares). The green 
red and blue dotted lines are the best fit for each of the respective models. The black dashed 
line indicates where model = h*.  
6.4 Initial profile development and responses to different starting 
slopes – sediment transport dependence on local bed slopes 
The profile development under the same wave and water level conditions from the initially 
planar profile (E2) and the classical concave power-law profile (E3) are very similar (Figure 
6.4.1), as are the shapes of the net sediment transport distributions. There is more onshore 
transport in deeper water for E3, and slightly greater net offshore transport for E2, which may 
be due to the varied requirement for sediment to build the offshore flank of the bar. Different 
hydrodynamics as the waves propagate over the different profiles seaward of the bar (x < 9 m) 
may also have resulted in varied bar crest depths. Nevertheless, there is a reasonable similarity 
between the final profiles for the two experiments at each water level, providing similar net-
transport distribution patterns, as well as comparable shoreline recession values that differ by 
less than 2% (Rshore, Table 4.2.1). The difference in the predicted shoreline recession is greater 
than the measured differences, which highlights the uncertainty introduced when choosing the 
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limiting depth on the non-planar slope. This was one reason to use a planar slope in the other 
experiments (Chapter 3, Section 3.2.4). 
 
Figure 6.4.1: Comparison of profile development at the initial and raised water levels 
resulting from the planar profile, E2 (markers) and the 2/3-power profile, E3 (lines).  
6.4.1 Slope-dependent sediment transport  
Dean and Houston (2016) recently revisited Dean’s (1987) theory for onshore transport as 
a mechanism to maintain sediment in the active profile which was in alignment with Davidson-
Arnott’s (2005) alternative model and in opposition to Bruun’s assumption of solely offshore 
transport. Aagaard and Sørensen’s (2012) model also indicated a dominance of onshore 
sediment transport on gently sloping profiles in the presence of raised water levels. Dean and 
Houston (2016) note that prograding shorelines may be a result of sediment being introduced 
from beyond the littoral depth, hl. For onshore sediment transport to occur at greater water 
depths, it requires the deeper profile to have qs > 0 with the wave climate. Patterson and Nielsen 
(2016) discussed the effects on net sediment transport of deviations from equilibrium bed 
slopes on profiles to depths of 16 m on the Gold Coast, Australia (Patterson and Nielsen, 2016, 
their figure 15). Their data show that as slopes flatten beyond their equilibrium value at certain 
depths (corresponding to an excess of sediment in the profile), the direction of the net sediment 
transport is onshore. The rate of sediment transport is depth dependent, requiring increased 
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energy at the surface to mobilise sediment at greater depths and less motion at greater depths 
corresponds to less/slower transport in general. 
Onshore sediment transport in deeper water during bar-forming conditions was observed 
for some of the experiments conducted here and may have contributed to reduced recession 
values (e.g. NE4, Chapter 5, Section 5.2.5). Figure 6.4.2 shows the initial profile development 
over the first 24 hours of four experiments. The profile shape will be important to this process; 
onshore transport becomes increasingly unlikely with steepening slopes, due to various factors, 
such as the opposing effect of gravity, different wave transformation and hydrodynamics on 
different slopes and undertow. For example, E2 (Figure 6.4.2a) had barely any onshore 
transport seaward of the main breaker bar. Conversely, experiments E3, E5 and NE4 (Figure 
6.4.2b–d, respectively) each exhibited more onshore net sediment transport from seaward of 
the main breaker bar. These three experiments all feature a shallower offshore slope than the 
1/10 gradient of E2 and the slope between x = 7 and 9 metres for E3, E5 and NE4 are all 
approximately the same 1/15 gradient. There are variable closure errors associated with each 
of the profile responses, the largest occurring for E5, which is suspected to be a result of 
substantial re-shaping of the profile from 1/10 to 1/15 and insufficient compaction before the 
commencement of the experiment. Figure 6.4.3 shows E5 with the profiles taken between 2 
and 24 hours, in this case, the closure error reduces substantially, and the onshore transport 
remains.  
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Figure 6.4.2: Profile change and net sediment transport from planar profiles for the first 24 hours of waves for a) E2; b) E3; c) E5; and d) NE4 
(note the axis scale changes and order of magnitude reduction in qs). 
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Figure 6.4.3: a) Initial water level profile development for E5 between 2 and 24 hours. b) 
Net sediment transport curve - note the minor closure error in the uncorrected curve (dotted 
line). 
6.5 Bar dynamics 
This section discusses some of the aspects of the dynamic bar behaviour observed during 
the research. Bars typically have three stages: generation, migration and degeneration as 
depicted in Figure 6.5.1. Bar generation occurs when the net sediment transport is imbalanced 
to result in an accumulation of sediment. Note, the bar generation does not have to occur where 
the sediment transport is in opposing directions, it is the local gradients that are important (an 
example is provided in the Section 6.5.1 and Figure 6.5.2). After a bar has formed, it may 
migrate with quasi-constant form. When this occurs, the net sediment transport pattern is 
proportional to the bed elevation, and the bar propagates as a wave. Bar degeneration occurs 
through diffusion, where the bar crest amplitude reduces through sediment diffusing away. 
Sections 6.5.1−6.5.3 consider these processes with regards to some of the present experimental 
results and those of others.  
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Figure 6.5.1: Three stages of a bar lifecycle: Bar Generation (a); Bar Migration (b); and 
Bar Degeneration (c). The Exner equation, Eq. (3.3.1), is provided at the top of the figure 
also. Note: the local qs(x, t) curves do not need to cross zero, it is the local gradients that 
are important. For example, Figure 6.5.2 shows bar growth occurring in the presence of 
solely net offshore transport, rather than the converging example depicted in the top image 
here.  
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6.5.1 Bar generation 
Bar generation occurred near the shoreline in these experiments. When the profile 
commenced from a planar slope, an imbalance in the sediment transport generates a bar as 
depicted in Figure 6.5.2. From the Exner equation, Eq. (3.3.2), temporal changes in bed 
elevation, δzs/δt, occur due to sediment transport gradients, δqs/δx. Therefore, changes in the 
bar volume (Vbar) will occur when the net sediment transport either side of the bar (qs1 and qs2) 
are imbalanced to result in accumulation, δVbar/δt = qs1 – qs2 (m2/s). Timescales of bar 
generation depend upon the scale and energy available, for example, in the Kraus and Larson 
(1988) dataset, bar generation occurs over the first few hours, while for E5, which is at a smaller 
scale, the bar generation occurred within an hour. 
 
Figure 6.5.2: Bar generation mechanism for the first 30 minutes of E5. Profile 
measurements occurred for the two profiles after 15 (light line) and 30 (thick line) minutes.  
Aagaard and Sørensen (2012) commented on bar generation occurring where offshore and 
onshore net sediment transport directions converge. The net-sediment transport distributions 
depicted by Grasso et al. (2011, their figure 8e) feature a bar-building scenario with net-onshore 
sediment transport occurring seaward and net-offshore transport landward of the bar. None of 
the barred profile experiments presented here exhibited this behaviour. Instead, the net 
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transport direction was almost entirely offshore while the bar develops and propagates offshore 
as a coherent feature. The bar building response depends on the wave conditions, and in the 
present barred profile experiments, highly erosive waves were selected. With different wave 
conditions and similar profile slopes, bar generation occurs with the convergence of onshore 
and offshore sediment transport (e.g. Figure 6.5.1a, Baldock et al., 2010; Grasso et al., 2011) 
and bar generation can also occur offshore, followed by onshore migration (Aagaard et al., 
2004). 
6.5.2 Bar migration with quasi-constant form 
Figure 6.5.3 provides the profile development of Kraus and Larson’s (1988) Case 500. 
Figure 6.5.3a provides the profile change over 100 hours. This profile response to 
monochromatic waves reflects the observation of Plant et al. (2001) that migrating bars tend to 
migrate with a quasi-constant form. The same response was observed with random waves in 
the present experiments when the bar is migrating (e.g. Figure 5.2.6.1). Figure 6.5.3b shows 
the net sediment transport distribution across the profile over time, where a peak in the net-
offshore transport (darker blue colouring) consistently occurs in the vicinity of the bar crest, 
depositing sediment further offshore. These consistent sediment transport patterns during bar 
migration correspond to the bar migrating with constant form:  
  𝑧𝑠(𝑥, 𝑡)  =  𝑓(𝑥 −  𝑐𝑏𝑎𝑟𝑡)    (6.5.1) 
where cbar is the bar migration speed. Again, Plant et al. (2001) remarked upon similar 
migration and associated cross-shore sediment transport patterns for bars on natural beaches. 
Figure 6.5.3c shows the surf zone width parameters, where the bar-crest elevation is reducing 
over time. 
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Figure 6.5.3: Kraus and Larson (1988) dataset, Case 500. a) Profile response. b) Net 
sediment transport development through time, dashed black line indicates bar crest location. 
Inset details the initial opposing transport directions to build the bar over the first hour of 
waves, prior to the offshore migration. c) Surf zone parameters, SZW is surf zone width. 
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Figure 6.5.4 also depicts a bar migrating with quasi-constant form between two time-steps 
during E2. Here, the sediment transport distribution is more clearly observed to be related to 
the migration of the bar with approximately constant form. Under the bar, qs(x) has an inverted 
shape (due to offshore migration, see also Figure 6.5.1b) that is proportional to the profile 
change, i.e.,  
 𝑞𝑠 ∝ 𝑐𝑏𝑎𝑟𝑧𝑠    (6.5.2) 
This response has also been demonstrated in the field (e.g. Plant et al., 2001, their figure 2).  
Note, the negative maximum of the net transport curve is situated where the two profiles cross. 
As δt approaches zero, the maximum of the net transport rate converges to the cross-shore 
position of the bar crest. 
 
Figure 6.5.4: a) Bar migration with quasi-constant crest level and quasi-constant volume. 
b) net sediment transport rate associated with the bar migration. Note the shape of the qs(x, 
t) curve below the migrating bar is proportional to the bed elevation changes, i.e. 𝑞𝑠(𝑥, 𝑡) ∝
𝑐𝑏𝑎𝑟𝑧𝑠 (See also Figure 6.5.1 and Eq. 6.5.2). 
6.5.3 Bar degeneration 
Bar degeneration is the third stage of the bar cycle, which has been observed to occur offshore 
in the present experiments, when the conditions can no longer maintain the bar, although bars 
can also degenerate elsewhere, such as when they migrate onshore and attach to the shoreline 
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(Aagaard et al., 2004). Bar degeneration commonly occurred in the barred profile experiments 
immediately following a water level rise and re-commencement of the waves. This is not 
surprising, given the substantial increase of hcrest/Hrms, instantly generated by the water level 
change. However, bar degeneration also occurred following the offshore migration of bars 
formed during constant water levels (E1C, NE2 and NE3). These degeneration processes are 
not due to the sudden reduction in wave energy (either through decreasing wave heights or 
increasing water levels). Instead, they appear to be a result of the continued deepening of the 
crest as the bar migrates offshore, down the profile slope. The experiments here and those of 
Swart (1974) support Plant et al.’s (2001) conclusion that bars might never attain an 
equilibrium configuration, even with constant offshore wave conditions. Plant et al. (2001) 
attribute this to increasing hcrest/Hrms of the outer bar crest during bar migration, resulting in bar 
amplitude decay. As hcrest increases, the bar generated wave transformations diminish and 𝑞𝑠 ∝
𝑧𝑠 is no longer maintained. Instead, local bed slopes result in sediment transported away 
from the crest in both directions, as in 
 𝑞𝑠 ∝ −
d𝑧𝑠
d𝑥
    (6.5.3) 
as depicted in Figure 6.5.1c and Figure 6.5.7. Using Eq. (6.5.3) to replace qs in the Exner 
equation (Eq. 1.1.1; also provided in Figure 6.5.1) yields the diffusion equation:  
 𝑛
𝜕𝑧𝑠
𝜕𝑡
∝ −
𝜕
𝜕𝑥
[−
d𝑧𝑠
d𝑥
] =
𝜕2𝑧𝑠
𝜕𝑥2
    (6.5.4) 
Thus, when the number of waves breaking over the feature gets too small, the crest depth 
is subject to weaker hydrodynamic forcing, and the bar diffuses away (Wijnberg, 1995). 
Baldock et al. (2017) proposed that an important aspect of the bar degeneration is a change in 
the flow regime over the bed from sheet flow with no ripples to a rippled bed. At some critical 
hcrest value, ripples quickly develop over the bar crest and down the trough-side slope. When 
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this occurs, the bar degenerates relatively quickly, with sediment diffusing away from the bar. 
In these experiments, some sediment filled the bar-trough, but most was transported further 
offshore and deposited down the shoreface (Figure 6.5.7). As with the net sediment transport 
associated with bar generation, it is the local net sediment transport gradients that are important 
and the bar may still degenerate with solely offshore transport.  
 
Figure 6.5.7: a) Bar degeneration sequence observed during NE2, where the initial 
nourishment mound bar quickly formed a breaker bar, that subsequently degenerated 
between 18 (dash-dot blue line) and 38 hours (solid black line). b) Net sediment transport 
rate, qs, for the blue and black profiles.  
In many of the experiments conducted during this research, the bar destruction results in 
additional offshore transport and deposition further of sediment down the shoreface. The 
gradual deepening of the bar crest with stationary wave conditions appears to be a common 
occurrence, also documented in prototype scale laboratory experiments with monochromatic 
waves (Kraus and Larson, 1988), see Figure 6.5.3, and random waves (Kraus et al., 1992). Bar 
degeneration does not always follow its offshore migration. Bars may also migrate back 
shoreward with varying water levels (e.g. Nielsen & Shimamoto, 2015) or changed wave 
conditions while maintaining their form (e.g. Sanchez-Arcilla and Cacares, 2017).  
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It seems bar degeneration occurs when the energy imparted by the waves is no longer 
sufficient to maintain the bar crest. Perhaps the bars will always migrate seaward with a 
constant wave condition that is conducive to bar generation, and as they do, bar amplitude, 
Abar, eventually starts to decrease when the bar crest reaches a point Plant et al. (2001) term a 
'low Hrms/hcrest regime', and the sediment starts diffusing away. Figure 6.5.8 provides an 
example of how the bar crest depth and amplitude were determined, following Plant et al. 
(2001). Figure 6.5.9 depicts a plot of the bar amplitude versus the bar crest depth. The bar 
amplitude initially grows as it generates near the shoreline and migrates offshore; then it 
reaches a state where the bar amplitude stabilises, corresponding to the bar migrating with 
constant form as it continues migrating, following the slope of the underlying profile slope. 
While this occurs the bar crest depth continues to increase until the degeneration is triggered 
at the critical value, i.e. hcrest/Hrms ≳ 1.34 (for the present experiments with Tp = 1.2 s), at which 
point, ripples form over the landward flank of the bar, the bar amplitude reduces and the crest 
degenerates (Figure 6.5.10). 
 
Figure 6.5.8: Definition of the bar crest depth, hcrest, and bar amplitude, Abar. Following 
Plant et al. (2001), Abar is calculated relative to the dashed magenta line that is connected 
to the offshore profile and selected to fit just below the region of surf zone profile change. 
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Figure 6.5.9: Interplay between the bar amplitude and bar crest depth. The vertical red line 
indicates the point where bar degeneration commences, hcrest/Hrms ≳ 1.34. 
 
Figure 6.5.10: a) Ripples forming over the landward flank of the bar crest at the time of 
degeneration between 44 and 79 hours for a single laser profile taken during E1C. b) The 
net sediment transport distribution calculated between the blue and black profile 
demonstrates the diffusive nature of the sediment transport, see also Figure 6.5.1, and Eq. 
(6.5.3 – 6.5.4). 
 
 213 
 
6.6 Comparison between nourishment and non-nourishment 
experiments  
The following sections present comparisons of some of the non-nourishment experiments 
from Chapter 4 with the nourishment experiments of Chapter 5. The comparisons are made 
between experiments that had the same wave conditions and water levels, i.e. A2 and NA1, E2 
and NE2, E3 and NE3 (refer to Table 3.2.1 for experiment conditions). With the exception of 
the comparison between E2 and NE1, where NE1 was a continuation, following E2 with a 
second water level rise with the same wave conditions maintained.  
6.6.1 Comparison of bermed profile Experiments NA1 and A2 
Figure 6.6.1 depicts the initial and final profiles at the raised water level along with the net 
sediment transport curves for the bermed profile experiments, NA1 and A2. Although the wave 
duration at the initial water level differed (NA1 ran for 65 hours, and A2 ran for 12 hours), the 
profiles were considered sufficiently similar for a comparison of the initial profile response to 
the water level change. The profile after 14 hours of waves was used for NA1, to allow a more 
direct comparison with similar durations of waves for A2 (which finished after 12 hours). The 
qs(x) curves are very different between the two experiments, and the PTM prediction was 
reasonable for A2 (Chapter 4, Figure 4.2.10) but failed to capture the onshore transport for 
NA1 (Chapter 5, Figure 5.2.1.3). Both the shoreline and mean recession of the profile were 
reduced for NA1, compared with A2. Filling the berm for NA1 prevented overtopping, and no 
erosion occurred at the still water level (SWL) shoreline while overtopping occurred during A2 
and the SWL shoreline receded by 0.14 m. Therefore, the recession associated with the wave 
action at the raised water level appears to be predominantly caused by overtopping and 
landward transport.  
 214 
 
 
 
 
Figure 6.6.1: Comparison between berm nourishment and non-nourishment for bermed 
profiles. a) Non-nourishment experiment, A2 profile response after 12 hours of waves at 
raised water level (Rshore = 0.31 m; Rm = 0.33 m); and b) associated net sediment transport. 
c) Bermed nourishment experiment, NA1 profile response after 14 hours of waves at raised 
water level (Rshore = 0.18 m; Rm = 0.26 m) with nourishment indicated as the grey region; 
and d) associated net sediment transport.  
6.6.2 Comparison of Experiments NE1 and E2 
Figure 6.6.2 shows the profile responses of the non-nourishment experiment E2 and the 
nourishment experiment NE1. There is very little difference in the shape of the net sediment 
transport curves. However, the nearshore profile shapes are quite different. The surf zone was 
widest at the end of E2 (black profile, Figure 6.6.2a) and narrowest at the end of NE1 (black 
profile, Figure 6.6.2c). For NE1, the shoreface seaward of the bar has a concave-down shape, 
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and there is a stronger onshore component related to the degeneration of the bar from the 
previous water level (final profile of E2). The bar crest depth is similar at each of the water 
levels, but the bar did not propagate as far offshore during NE1, resulting in a final profile with 
a narrower surf zone.  
 
Figure 6.6.2: Comparison between berm nourishment and non-nourishment for barred 
profiles. a) Non-nourishment experiment, E2 profile response at raised water level; and b) 
associated net sediment transport. c) Bermed nourishment experiment, NE1 profile 
response at raised water level with nourishment indicated as the grey region; and d) 
associated net sediment transport. 
After 50 hours, the nourishment appears to have reduced the shoreline recession by 
approximately 30% (RshoreE2 = 0.89 m and RshoreNE1 = 0.61 m). Although the total volume of 
sand used to build the berm was approximately 0.09m3/m, the effective nourishment (as 
determined by the extent of the erosion by the end of the experiment) was 0.05m3. Including 
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the 0.05m3 nourishment volume through Eq. (3.5.2) into the calculation slightly improved the 
error margin but changed from an overprediction to an underprediction of 6% (Table 5.2.1). 
The mean recession of the profile was Rm = 0.686 m for E2 and Rm = 0.638 m for NE1, 
corresponding to a reduction in the mean recession of 0.048 m. Distributing the nourishment 
volume, VN = 0.05 m
3/m through the vertical length of the active profile, 
𝑉𝑁
ℎ∗+𝐵
, provides an 
anticipated mean horizontal offset of approximately 0.085 m. The observed difference in the 
mean recession of 0.048 m indicates a smaller nourishment volume, VN = 0.026 m
3/m. 
However, this did not consider the difference in subaerial profile shape relative to the still water 
level, which were quite different between E2 and NE1 (Figure 6.6.2). This corresponds to 
different subaerial shapes and volumes which can influence the recession and effective 
nourishment (See Chapter 3, Section 3.5.5). A further attempt is made here to account for this. 
VN is re-calculated by the eroded volume of the nourished profile, assuming the subaerial 
profiles had the same shape prior to nourishing for NE1. Figure 6.6.3 demonstrates this by 
translating the initial profile at the raised water level for E2 upward by the water level rise and 
aligning the profiles where the shorelines cross. The eroded volume of the nourished profile is 
now indicated as the grey area which provides an effective nourishment volume of 
approximately 0.023 m3/m, yielding an offset of 0.039 m, which is in better agreement with 
the difference between the Rm values for E2 and NE1. 
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Figure 6.6.3: Effective nourishment volume, considering different subaerial profile shapes 
between different water levels. The horizontal black-dashed line at z = 0.13 m is the still 
water level for NE1. The blue profile is the initial nourished profile, and the light blue-
dashed line is the non-nourished initial profile (final profile of E2). The red-dotted line is 
the initial profile for E2, shifted upward by the water level rise and aligned at the shoreline 
of the initial profile for NE1. The black profile is the final profile for NE1. The grey and 
orange regions indicate the approximate erosion of the nourishment mound (in total the 
nourishment volume, VN = 0.05 m
3/m), where the grey region is that which corresponds to 
the added volume above the translated red profile. 
6.6.3 Comparison of Experiments NE2 and E2  
Experiment E2 also provided a control for the surf zone nourishment experiment, NE2, 
which occurred with the same water levels, wave conditions and duration of waves. The two 
profiles at the end of the waves at the initial water level were near-identical (Figure 3.2.10), 
providing confidence in a direct comparison of the profile responses at the raised water level 
with and without nourishment. Figure 6.6.4 shows the initial and final profile at the raised water 
level of each experiment, along with the net sediment transport distributions. The recession of 
the upper profile was greater for E2, with Rshore = 0.89 m, while for NE2, Rshore = 0.61 m. The 
qs∙δt(x) curves in the lower plot also have some distinct differences. The magnitudes of the 
offshore transport in the upper profile reflect the difference in the profile recession around the 
shoreline, indicating that the sediment eroded from the beach for NE2 stayed closer to the 
shore. The other distinct difference is the offshore transport from the nourishment mound for 
NE2, resulting in sediment accumulation on the shoreface between 7.9 m < x < 9.7 m.  
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The mean recession during SLR was Rm = 0.686 m for E2 and Rm = 0.490 m for NE2, 
corresponding to a difference of 0.196 m. Calculating the expected difference through the 
nourishment volume provides 
𝑉𝑁
ℎ∗+𝐵
=
0.100
0.427+0.110
= 0.186 m, which is in good agreement with 
the measured values. Unlike NE1 (for which the introduced nourishment volume was different 
to the effective volume), the entire nourishment volume was effective for NE2 as it was placed 
within the active region, where the whole volume was acted upon by waves and contributed to 
the active profile.  The profiles above the initial water level runup limit were also similar 
between NE2 and E2, so differences in subaerial volume were not required to be accounted for 
as above for NE1 and E2.  
 
Figure 6.6.4: Comparison of profile response for the nourished experiment, NE2 (a: dark 
blue to black profiles; b: black profiles) and the non-nourishment experiment, E2 (a: light 
blue dash to red profiles; b: red profiles). The nourishment mound is indicated in a as the 
grey shaded region. 
6.6.4 Comparison of Experiments NE3 and E3 
Experiment E3 and NE3 were part of the same series that commenced from the initially 
2/3-power shaped profile (Chapter 4, Section 4.2.1.6 and Chapter 5, Section 5.2.4). Figure 6.6.5 
shows the profile response and net sediment transport curves of E3 (Figure 6.6.5a-b) and NE3 
(Figure 6.6.5c-d). A berm remained at the end of the nourishment experiment (Figure 6.6.5d), 
 219 
 
which is likely due to the excess sediment. The observed recession after 50 hours of waves for 
the for E3 was Rshore = 0.87 m and Rm = 0.75 m. The observed recessions with the shoreline 
nourishment, NE3, after 50 hours were Rshore = -0.10 m and Rm = 0.12 m. The shore had not 
receded after 50 hours, so the experiment continued, and after 100 hours for NE3 the recession 
values were Rshore = 0.01 m and Rm = 0.14 m. Thus, both the shore and mean recession of the 
profile had been substantially reduced by the inclusion of the nourishment sediment, which 
was distributed throughout the entire active profile by the waves. The difference between the 
mean recession between E3 and NE3 after 100 hours was 0.61 m, which is less than the 
expected difference of 
𝑉𝑁
ℎ∗+𝐵
 = 0.74 m. The discrepancy may be another result of lack of 
equilibration. Compared with the shoreface profile at the end of E3, the offshore profile is quite 
different by the end of NE3, which features a concave-down shape, resulting from a lot of the 
nourishment sediment depositing between x ≈ 7.6 m and 9.8 m. 
6.6.5 Shoreface Deposition Losses 
Table 6.6.1 shows the measured volume of sediment deposited offshore of the initial 
water level, final bar crest location after approximately 80 hours of waves for four barred-
profile experiments, consisting of one non-nourishment case (E1C, Chapter 4, Section 
4.2.1.2) and three nourishment cases (NE1, NE2 and NE3). Figure 6.6.6 shows the profile 
development of the same four experiments. Offshore transport and deposition on the 
shoreface were markedly increased for NE2 and NE3. After approximately 80 hours, 8%, 
60% and 21% of the total, effective nourishment volume for NE1, NE2 and NE3, 
respectively, was transported offshore of nourishment site and deposited seaward of the 
initial bar crest. This response is in some accordance with that anticipated by the Bruun Rule, 
namely that the offshore bed elevation responds to the changed (increased or decreased) 
water level. 
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Figure 6.6.5: Comparison between shoreline nourishment and non-nourishment for barred 
profiles. a) Non-nourishment experiment, E3 profile response at raised water level; and b) 
associated net sediment transport. c) Large shoreline nourishment experiment, NE3 profile 
response at raised water level with nourishment indicated as the grey region; and d) 
associated net sediment transport. 
The longer duration results for E1C, where three bar-cycles were documented (Section 
6.1.1), resulted in more sediment deposited down the shoreface (0.040 m3/m at the end of the 
experiment). This, along with the responses of NE2 and NE3 suggests that given sufficient 
time, the shoreface is perhaps where the sediment will tend to accumulate in the flume, under 
these conditions (i.e. starting slope, wave climate and sediment type). However, the results also 
indicate the location of the nourishment mound determines how quickly sediment will deposit 
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down the shoreface. When the sediment is placed in the surf zone, it is more readily transported 
offshore and deposited on the shoreface than when it is placed further landward. 
Table 6.6.1: Comparison of offshore deposition and nourishment volume 
 
 
The added volume in the surf zone for NE2 and NE3 led to a rapid bar formation which 
migrated only a short distance further offshore before degenerating and depositing further 
sediment down the shoreface (Figure 6.6.6b-c). Therefore, while the surf-zone and shoreline 
nourishments inhibited the profile recession, it appears that nourishing the surf zone resulted 
in the earlier initiation of a cyclic-bar response, resulting in earlier deposition of sediment down 
the shoreface, at least for these storm-type waves. These profile responses may be important to 
consider for field nourishment projects and managing public expectations of the responses of 
the profile anticipated with different nourishment locations. 
Experiment & 
Duration
Rshore
Recession of 
shoreline at raised 
water level
Shoreface 
Deposition Volume
Effective 
Nourishment 
Volume
Percentage of 
offshore deposit 
versus effective 
(m) (m) (m
3
/m) (m
3
/m) (%)
  E1 – 79 hours 0.779 0.360 0.010 0.000 -
NE1 − 82 hours 0.654 0.300 0.004 0.050 8%
NE2 – 84 hours 0.717 0.350 0.060 0.100 60%
NE3 – 82 hours 0.000 0.650 0.073 0.350 21%
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Figure 6.6.6: Comparison of profile development over approximately 80 hours, demonstrating variability in the offshore deposition of sediment 
for a non-nourished experiment, E1C (a) and nourished experiments: NE2, NE3 and NE1 (b to d, respectively), see Table 6.6.1 for values of 
deposition and nourishment volumes. Arrows indicate the limits of the deposition offshore of the final position of the bar crest at the initial 
water level (horizontal dashed blue line). In each case, profile development occurred at the raised water level (horizontal dashed black line) in 
each case.  
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Gradual offshore transport of sediment leading to increased volume on the lower profile 
was also documented in the storm simulation experiments of Grasso et al. (2011). Their 
lightweight sediment experiments indicated that nourishment mounds placed further offshore 
in the active zone are less likely to contribute directly to the beach face, but instead can affect 
shoreline responses through indirect, increase in wave energy dissipation, or lee-effects. 
Increased variability at natural beaches (e.g. through tide and variable wave conditions) will be 
important to natural profile responses to nourishment. Often, the most apparent shoreline 
changes occur with storms, which can result in fast erosion of the shoreline. These responses 
may be more apparent to the public than the long-term mean shoreline position. Assuming the 
existence of dynamic equilibrium profiles, given sufficient time, the nourishment should 
contribute to the overall profile as per Dean’s (2002) formulation where the mean profile 
experiences a seaward shift to introduced volume. However, the short-term responses may be 
useful to consider from a public perception point of view. For example, sediment may be 
transported offshore from the beach in the short-term or with initial nourished profile 
responses, which may lead to perceptions that the nourishment has been unsuccessful.  
In each of the erosive nourishment experiments the shoreline receded after the nourishment. 
However, they receded by varying amounts. The berm nourishment experiment, NE1, 
experienced the smallest shoreline recession at the raised water level (0.30 m, Table 6.6.1), but 
because the nourishment was located high up on the beach, the loss of the nourishment from 
the subaerial profile was immediate and obvious. This type of response may be viewed 
unfavourably by those with an insufficient understanding of beach profile dynamics. In 
contrast, the greatest erosion of the shoreline at the raised water level (0.65 m, Table 6.6.1) 
occurred with the shoreline nourishment experiment, NE3, however, due to the large volume 
of sediment introduced, some was transported offshore and some was transported onshore with 
an overwash and deposition process leading to a large new berm. The shoreline recession for 
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NE2 (where the nourishment was placed offshore) and the non-nourishment E1 at the raised 
water level were similar (Table 6.6.1), with values in between NE1 and NE3. All three 
nourishment experiments resulted in reduced recession relative to the initial water level 
compared with the non-nourishment experiment (Rshore, Table 6.6.1). 
6.6.6 Summary of comparison of nourishment and non-nourishment 
experiments 
Recession responses and profile development have been compared between nourished and 
non-nourished experiments in the presence of water level rise. Figure 6.6.7 shows the two 
recession values (Rshore and Rm) for the non-nourished experiments (A2, E2 and E3) plotted 
against their equivalent nourishment experiments (NA1, NE1, NE2 and NE3). As expected, 
the shoreline (Rshore) and mean profile (Rm) recession for all the nourishment experiments 
reduced compared with the non-nourishment experiments, regardless of where the nourishment 
material was deposited. The large shoreline nourishment of NE3 also exhibited strong onshore 
transport through the upper profile and subaerial zone, building a well-defined berm.  
When exposed to waves, nourishment will always be reworked by the waves with some of 
it potentially being transported away from the original site. Sediment transport may occur in 
any direction, depending on the wave climate, location, and volume of the nourishment. NE3 
was intended to provide sufficient sediment to raise the entire active profile by the same amount 
as the water level change. However, the sediment was not distributed through the entire profile 
but instead was placed about the shoreline to allow the waves to redistribute it naturally. In this 
experiment, the nourishment sediment was transported by the waves and redistributed 
throughout the entire active profile. Some was quickly deposited down the shoreface, some 
remained in-situ, and some was transported onshore to produce a well-defined berm. 
Conversely, the berm (NE1) and surf-zone (NE2) nourishments both featured solely net 
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offshore transport around the nourishment site. The large amount of sediment deposited for 
NE2 was in the position of the bar from the equivalent non-nourishment E2, which resulted in 
a fast formation of a bar and degeneration a short time later causing 60% of the total 
nourishment volume to be deposited down the shoreface. Being situated above the runup limit 
of the waves, the berm nourishment, NE1, could only be eroded and transported net-seaward, 
feeding the profile through scarping as the waves undercut it. Each of the nourishments had 
different effective nourishment volumes, but the variability in the profile responses to the 
energetic waves applied in these experiments highlight different ways nourishment mounds in 
the field may respond, perhaps with the arrival of a storm shortly after completion.  
 
Figure 6.6.7: Comparison of nourished versus non-nourished shoreline and mean-profile 
recession. Legend: Rshore − blue diamonds; Rm – red squares; labels and lines indicate the 
comparable experiments. Dashed-line indicates nourished = non-nourished.   
The placement of the nourishment sediment has been found to be important to the profile 
development over the timescales of the present experiments. The barred profile experiments 
may be considered as storm profile responses, and the rapid offshore deposition observed in 
the experiments where the nourishment was placed or extended into the surf zone may be worth 
considering for potential responses following field nourishment projects. The experiments here 
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all used nourishment sediment that was the same as the native sediment. Dean (1991) described 
differences in profile response to varying nourishment sediment compared with the native, and 
an example has recently been documented in the field (Ludka et al., 2018). Further insights 
into the variability in profile responses to different grade nourishment materials may be gained 
through additional controlled laboratory experiments.   
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7 Conclusions 
This thesis has presented an investigation of beach profile development in laboratory wave 
flumes and their responses to changing water levels and nourishment. Profile responses were 
measured using a laser profiling system that was developed during this research. The profiling 
system provides high-resolution measurements, enabling accurate quantification and 
monitoring of the temporal development of various profile change indicators, such as the 
shoreline and sediment transport in the cross-shore. The profile change indicators were used to 
determine the stabilisation of profiles toward equilibrium under stationary random and 
monochromatic wave conditions. The profile development demonstrated a variety of profile 
responses that reflect natural morphodynamic processes also observed at larger scales and in 
the field. The remainder of this Chapter will present conclusions on the core components of 
this research. Conclusions on profile progression toward equilibrium are presented Section 7.1. 
The experimental assessments of the Bruun Rule and some of its variants are concluded in 
Section 7.2.  Conclusions regarding the experiments investigating nourishment to reduce 
profile recession with sea level rise are are provided in Section 7.3. Finally, Section 7.4 
summarises some final thoughts and some suggestions for future research. 
7.1 Profile progression toward equilibrium  
The first general question (Section 1.4) asked what equilibrium profiles were and are they 
achievable. Experiment duration was a critical factor for investigating profile progression 
toward equilibrium and the experiments presented here represent some of the longest-running 
random wave experiments conducted to-date. Of course, other factors are also important, such 
as the energy of the wave conditions, the variability of the waves and water levels. These 
experiments carefully maintained consistent water levels and wave conditions to maximise the 
 228 
 
 
potential to develop equilibrium profiles. The results of the experiments prompted further 
consideration into the nature of equilibrium beach profiles. Two types of conceptual 
equilibrium profiles were initially considered: the dynamic equilibrium profile, that forms in 
nature under a quasi-steady wave climate and sea level; and the static equilibrium profile, that 
is expected to form under a stationary wave climate at a constant water level. The cyclic bar 
behaviour observed in some of the present experiments and elsewhere indicate that true, static 
equilibrium profiles may never occur due to the feedback processes associated with bar 
morphodynamics. Furthermore, regular mobilisation of sediment associated with wave 
propagation in the nearshore often results in small bed changes, which can result in broader 
profile changes through feedback processes. Therefore, rather than attaining a static 
equilibrium profile, another form of dynamic equilibrium profile may occur in laboratory beach 
profiles that can be shaped by stationary or cyclic wave conditions. However, even at reduced 
scales, these laboratory dynamic equilibrium profiles can still require prohibitively long 
durations to develop. Their application may also be of more academic interest, rather than 
providing a practical tool for use in prototype scale modelling, which could make further study 
and resource allocation difficult to justify for some laboratories.  
7.2 Assessment of the Bruun Rule (and variants) 
Measured profile responses to changing water levels in reduced-scale laboratory wave 
flume were used to assess the recession predicted by four models. Namely, the Bruun Rule 
(Bruun, 1962), Rosati et al.’s (2013) modification to account for overtopping deposition, Dean 
and Houston’s (2016) onshore transport term for deeper water, and the new Profile Translation 
Model (PTM) developed during this research. Experiments were performed for barred and 
bermed profiles, shaped under various random and monochromatic waves.  
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The original Bruun Rule provided recession values within 30% of the observed shoreline 
recession for 15 out of 17 non-nourishment experiments. The Bruun Rule also tended to 
underpredict the observed recession for erosive waves but performed more variably for the 
accretive waves, with a mix of overpredictions and underpredictions. The largest error occurred 
where the Bruun Rule overpredicted by 66 % for one of the cyclic wave climate experiments, 
C4. In this experiment, the profile response to the elevated water level featured solely net 
onshore transport, which also resulted in Rosati et al.’s (2013) variant having a greater 
overprediction due to the deposition volume increasing the predicted recession. Due to the 
additive nature of the inclusion of the deposition volume (when overwash depositions were 
present) for Rosati et al.’s (2013) modification, it tended to improve predictions compared with 
the original Bruun Rule for underpredicted results but increased the error associated with 
overpredictions (e.g. experiment A3 and C4).  
Dean and Houston’s (2016) onshore transport term was investigated through the cyclic 
wave climate and water level experiment series (C1 – C6), where a shallower offshore limit 
could be selected based on profile variability. It was found to provide similar or improved 
recession predictions for both the shoreline recession and mean recession of the profile. The 
cyclic wave climate and water level experiment series also provided some evidence that 
onshore transport from deeper water can reduce the amount of recession at the shoreline. The 
Bruun Rule and Rosati et al.’s (2013) model frequently overestimated the observed shoreline 
recession during the rising water levels (C3 – C6) while an offshore lobe was feeding the upper 
profile. The recession response of the profile in the presence of predominantly net onshore 
transport provides qualitative support in some scenarios to the alternative theory of Davidson-
Arnott (2005). 
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The continuity-based PTM was applied to both idealised and measured shoreface profiles. 
The PTM was demonstrated to predict overwash deposition in the presence of subaerial berms 
in the active profile and performed comparably with the other three models. Profile variability 
landward (seaward) of the active profile affects the sediment budget for the migration of the 
active profile in the presence of sea level rise (fall). The other three models do not automatically 
consider profile variability beyond the active profile while the PTM does. In a similar manner, 
the PTM also accounts any added (or removed) volume to the profile in its operation.  
A new way of calculating the mean recession of the profile, Rm, was developed that uses 
the entire active profile to provide a global measure of the profile recession. Providing the 
profile is in dynamic equilibrium with the wave climate, Rm is insensitive to variability in 
instantaneous profile shapes. The calculated values for Rm tended to be in better agreement 
with the predicted recession for all models, with percentage errors reducing to the order of 
±10%. Providing there are no alongshore imbalances, the method for calculating Rm should 
also be applicable in the field. Alternatively, when there are alongshore imbalances, the 
calculation may similarly be used to determine the net sediment volume gained or lost from a 
cross shore profile.  
The second general question (Section 1.4) asked what sort of accuracy can be expected 
from the Bruun Rule and recent variants in predicting profile recession resulting from raised 
water levels. For predicting shoreline retreat under constant water levels and stationary wave 
conditions, these results indicate that one may expect an error of within 30% for predicted 
shoreline recession, compared with measured values. Model predictions tend to be improved 
to within 20% for the mean profile recession. Given these margins of error under controlled 
laboratory experiments, it is difficult to ascertain any significant difference in the predictive 
accuracy of the original Bruun Rule and variants assessed, including using the initial planar 
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profile slope. The results agree with one of the main conclusions of Komar et al. (1991). The 
underlying profile slope is a key factor in profile response and coastal recession associated with 
sea level rise. Of course, determining the slope still requires identifying the onshore and 
offshore active profile limits, which is likely to remain a difficult task, without sufficiently long 
temporal profile change data for any particular beach. However, the nourishment experiments 
demonstrate the importance of correctly determining sediment budgets, as concluded in the 
next Section. 
7.3 Nourishment to reduce profile recession with sea level rise 
A series of novel experiments were conducted to investigate the response of nourished 
profiles to wave action and changes in water level. Four different nourishment locations were 
investigated: the shoreface, surf zone, shoreline and subaerial beach. The shoreface 
nourishment was quite subtle, only raising the shoreface profile by a few centimetres, and did 
not have a water level rise applied. The surfzone nourishment was implemented by constructing 
a single nourishment mound, located where the PTM predicted a bar to form at a raised water 
level. The shoreline nourishment featured a large volume of sediment that was calculated to be 
sufficient to raise the entire active profile by the water level change. Berm nourishments were 
performed for both barred and bermed profile types. In each instance, the nourishment berm 
was constructed above the runup limit of the final profile at the initial water level so that the 
nourishment only became accessible to the waves after the water level was increased. 
The shoreface nourishment did not prevent the gradual erosion occurring at the shoreline, 
the sediment from the eroding shoreline continued to be deposited down the shoreface, over 
the nourishment. Shoreface depositions also occurred for the surf zone and shoreline 
nourishments, where significant quantities of each nourishment were transported further 
offshore. The sediment remained closer to the shore for the berm nourishment experiments. 
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The shoreline nourishment mound was naturally redistributed by the waves and transported in 
both landward and seaward directions. After 100 hours of waves, the shoreline had only just 
receded past the initial water level shoreline by one centimetre. The waves that operated for 
the barred profile berm nourishment experiment eroded part of the added berm. The eroded 
sediment was transported net seaward to feed the profile. The portion of the total nourishment 
volume that is mobilised by the waves and introduced into the active profile is termed the 
effective nourishment volume.  For the bermed profile experiment, the nourishment berm 
extended the beach face and naturally built berm at the initial water level. The extension 
prevented overtopping at the raised water level. Beach face and shoreline accretion continued 
at the raised water level, producing a shoreline recession that was less than that which would 
have occurred due to inundation only (i.e. water level rise in the absence of any waves).  
The third general question (Section 1.4) asked if a profile can be nourished to mitigate 
profile recession associated with water level rise, and if so, where is the best location to place 
the nourishment material? These experiments indicate that to increase the chance of 
maintaining nourishment sediment in the upper profile, nourishment should be placed in the 
upper (preferably subaerial) regions of the profile. The nourished profile responses were 
compared with similar non-nourishment experiments. In all instances, the nourishment resulted 
in reduced shoreline recession and mean recession of the profile, compared with the equivalent 
non-nourishment experiments. Models that incorporated the nourishment volume (PTM and 
Eq. (5.2.2)) tended to provide the closest predictions for the shoreline and mean recession of 
the profile. Therefore, the nourishment experiments demonstrate the concept that nourishment 
can mitigate SLR-driven recession and the importance of developing sediment budgets for 
recession calculations.  
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7.4 Conclusions summary, final thoughts and future research 
suggestions 
The research presented here highlights some of the complexities related to morphodynamic 
processes associated with profile change under stationary and rising water levels. Even at 
reduced scales, with simplified and controlled laboratory settings, interactions between the 
hydrodynamics and morphodynamics of mobile beds produces profile responses that are 
variable and can be strongly influenced by many factors. These factors include but are not 
limited to: the rate of water level fluctuations, feedback mechanisms in the nearshore, the 
presence of berms under random waves, standing waves associated with wave reflection, the 
underlying/initial profile slope, and wave-boundary interactions. The difficulty in limiting the 
influence of these sources of variability also makes it difficult to distinguish between desired 
responses (such as profile change driven by wave propagation and transformation processes 
that occur on open beaches in the field) and responses associated with laboratory or scale 
effects.  
Stationary still water levels and step changes in water level were selected for this research 
as it simplified the experimental methodology and it was shown that smaller step incremental 
changes in water level resulted in the same ultimate profile response, given sufficient time. 
However, the intermediate profile response between the step and incremental–step water level 
changes did differ. As mentioned in Chapter 1, tidal ranges vary considerably around the world, 
so their influence on beach morphodynamics can be very significant. However, obtaining 
sufficiently high temporal and spatial resolution profile responses to tides can be difficult in 
the field, and few experiments have been conducted to investigate this aspect of beach 
morphodynamics in the laboratory. Nevertheless, hourly profiling in the field is feasible and 
should be attempted to compare the response to tide with that of Kraus & Larson’s (1988) 
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regular waves test, showcased by Nielsen and Shimamoto (2015). Therefore, investigations of 
beach profile dynamics associated with tidal oscillations are open to further investigation.  
Many aspects of beach profile dynamics observed here deserve closer attention. The bar 
life cycle has been documented here and elsewhere, but the interaction between the 
hydrodynamics and morphological responses of bars still requires further research. The 
degeneration of breaker bars in the outer surf zone has been documented in the field and in the 
laboratory with monochromatic waves, and now in this research under stationary random 
waves. The degeneration of the bar is accompanied by ripples forming over the landward flank 
of the bar, which indicates a change in the hydrodynamic flow regime over the bar, but the 
hydrodynamics associated with the process are yet to be recorded. 
The research presented here predominantly used 1/10 planar gradient slopes and 1/10 beach 
slopes tangentially connected to offshore 2/3-power profiles. These relatively steep profiles 
may have been conducive to responses under erosive waves that promoted offshore transport. 
The two experiments that commenced from gentler 1/15 initial subaqueous profiles (E5 and 
NE4) exhibited onshore transport in the offshore region that contributed to building the 
nearshore profile. The cyclic wave climate experiments also demonstrated how offshore lobes 
might feed the profile through onshore transport and reduce the recession. These results reflect 
field observations regarding net sediment transport dependency on local bed slopes (i.e. 
Patterson and Nielsen, 2016). Few studies have investigated the response of profiles from 
different starting slopes since the monochromatic wave experiments of Sunamura and 
Horikawa (1974). Further research may be warranted to investigate the interplay between 
potential offshore deposits and the role of local bed slopes on net sediment transport directions.  
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Appendix A - Additional Experiment Data Figures 
This section provides figures of the experiments, many of which were not included in the 
thesis. Each sub-section contains six figures that are identified by a number below the figure. 
 
Figure 1: Initial (blue) and final (black) profile plot with net sediment transport (qs∙δt) curve 
below. Still water level is indicated as the horizontal dashed line in top plot. 
 
Figure 2: Profile development plot of all profiles. Initial profile in blue, final profile in black 
and intermediate profiles as darkening greys with increasing time. Still water level is 
indicated as the horizontal dashed line. 
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Figure 3: Timestack contour plot of net sediment transport rate (qs) distributions. The colour 
bar provides the qs(x) scale, units m
2/h. Blue colours indicate negative qs(x) (net-offshore 
transport) and red indicates positive qs(x) (net-onshore transport). The contour net sediment 
transport is useful for showing the net transport distributions for each measured profile 
change with time, which may be performed either with the preceding profile, or the initial 
profile. These plots can help with viewing locations of net transport which may assist with 
describing the profile responses observed. 
 
Figure 4: Three-dimensional timestack of cross shore profile development over time. The 
shoreline is indicated in white. The 3D-time plots are similar to the contour difference plots, 
however the measured profiles (x, z) are plotted and stacked up in time along the y-axis. 
These plots can provide a useful visualisation of how the profile has developed through 
time. 
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Figure 5: Contour difference plot of profile development, where the contours are calculated 
relative to their difference with the initial profile at t = 0 h. The shoreline is shown as the 
green line with cross markers at each measured profile. The contour colour bar is in metres. 
These figures plot the contour map of the profile development with time, by calculating the 
difference between each subsequent profile either relative and the initial profile (plane) or 
equilibrium SLR (0) profile planar profile, or relative to the initial profile when the water 
level is changed. These plots have proved useful in visualising the profile change in a 
simplified manner. 
 
Figure 6: The cumulative integrated net sediment transport (Qs∙δtcumulative) is plotted as the 
blue line, relative to the left axis. The relative shoreline position (relative to its initial 
location at t = 0 h) is plotted as the orange line, relative to the right axis. The cumulative 
integrated net sediment transport, Qs∙δtcumulative and relative shoreline plot is a useful 
profile stabilisation indicator, where a stable profile should have very little net-transport 
occurring, which corresponds to a levelling-off of the Qs∙δtcumulative at some finite value, 
which is also the value of the integrated net sediment transport for the full profile response 
between the start and end of the experiment.  
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Experiment IE1 – SWL1 
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Experiment IE1 – SWL2 
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Experiment IE1 – SWL3 
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Appendix B – A high-resolution sub-aerial and sub-aqueous 
laser based laboratory beach profile measurement system 
Original Reference: Atkinson, A. and Baldock, T.E., 2016. A high-resolution sub-aerial and 
sub-aqueous laser based laboratory beach profile measurement system. Coastal 
Engineering, 107, pp.28-33.  
Abstract 
This note presents a new method for high resolution beach profiling in small 
and medium scale laboratory wave flumes. The combined use of laser distance 
sensors for elevation (z) measurements and a barcode reader for cross-shore (x) 
coordinates provides a non-contact, rapid and accurate method to measure beach 
profiles through the water surface. The system reduces errors from wheeled or 
contact sensors and eliminates the need to drain the wave tank to perform 
measurements. The need for a bed follower or motorised traverse and encoder is 
also eliminated. The system resolves the beach profile both below and above the 
waterline, with x and z coordinates provided with 1 mm resolution and repeatability 
of +/- 1 mm, so also resolving wave ripples to a high level of detail. The method is 
demonstrated with an array of 8 sensors spaced across a 1 m wide tank, which 
enables accurate calculation of the cross-shore distribution of the total sediment 
transport at short intervals using multiple beach profiles to account for minor cross-
tank variation in the bed elevation.  
Keywords: Beach profile measurement, sub-aqueous laser system, high 
resolution, ripple, multiple profiles 
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1. Introduction 
Beach profile or bathymetry measurement is an essential component of physical model 
testing in coastal engineering. A range of measurement techniques are used. At large scales 
contact sensors (wheeled profilers) or physical survey techniques are often used, e.g. at CIEM 
large wave flume at UPC Barcelona (Baldock et al., 2011), the Large Wave Tank (Kraus and 
Larson, 1988) and GWK wave flume in Hannover (Dursthoff et al., 1997). At smaller scales, 
or for plan areas, non-contact sensors are often adopted. However, this often requires draining 
the water or leads to difficulties in shallow water when using sonic rangefinders. To our 
knowledge, no non-contact system works reliably both above and through the water surface 
with order millimetre precision in both the vertical and horizontal. LIDAR provides some 
promise in laboratory flumes but accounting for low angles of entry remains an issue (Plain, 
2013). For beach profile testing, rapid and accurate measurement of beach profiles with 
minimal disturbance of the bed is essential to enable frequent profiling and to minimise errors 
that accumulate when deriving sediment transport rates from profile measurements. In the latter 
case, multiple profiles across the wave flume enable improved quantification and correction of 
such errors (Baldock et al., 2010). Various methods have been implemented to measure beach 
profiles, such as drop stick, wheel based pivot arms, 3D laser scanner (LIDAR), ultrasonic, and 
sonar (Kajima et al., 1982, Dingler et al., 1977, Baldock et al., 2010, Faraci et al., 2013, López 
de San Román-Blanco et al., 2006, Baldock et al., 2011, Dursthoff et al., 1997).  
The benefit of classical profile measuring techniques, such as drop stick or survey pole is 
that measurements can be made without draining the tank, continuously measuring the bed 
from sub-aqueous to sub-aerial profile sections. However, the method is slow and often has 
low spatial resolution. Other methods of measuring beach profiles that allow for faster, higher 
accuracy and resolution measurements have been demonstrated. Ultrasonic distance sensors 
and sonar have been used to measure underwater profiles; however the potentially wide foot 
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print of the devices results in increased uncertainty of measured values (Dingler et al., 1977, 
Kajima et al., 1982, Orzech and Kobayashi, 1998, Bell and Thorne, 1997). Ultrasonic sensors 
can work in and out of water (although not with the same instrument) but the air/water interface 
prevents measurements of the full profile from above the water. Difficulties occur in measuring 
profiles in water shallower than minimum operating (blanking) distances, requiring adjustment 
of water levels or a combination of different measurement techniques (Orzech and Kobayashi, 
1998). Ultrasonic sensors suffer reduced accuracy with increased range and also a 
corresponding increase in footprint, although improvements have been made with pencil beam 
sonars (Bell and Thorne, 1997). 
Bed following systems (e.g. HR Wallingford; http://www.hrwallingford.com/equipment) 
may also make use of laser distance sensors, in which the laser is mounted on a mechanical 
arm which maintains constant distance (80mm) from the bed. The profile is then measured by 
the movement of the mechanical arm, rather than the output of the laser sensor itself. However, 
the laser requires submergences in a waterproof housing and a mechanical control system and 
encoder is required to move the laser vertically and measure the vertical displacement. The 
requirement to move the laser vertically is cumbersome for large profiling depths (the HR 
Wallingford system is limited to a range of 0.6m) and the need for moving parts and a control 
system reduces reliability and increases cost. 
Recently, LIDAR has been used for measuring high resolution emerged three-dimensional 
beach profiles (Vousdoukas et al., 2014, Plain, 2013). However, these units are generally 
stationary and will not work through water at low angles due to total internal reflection. This 
means that tanks require draining prior to measurement of bathymetric profiles and the process 
can lead to bed deformation due to exfiltration and infiltration of water. Deformation risk is 
minimised by very slow draining and refilling of the tank, greatly extending experiment run 
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times and using more water and power than may be necessary. Shadows in the profile due to 
the sensor being blocked by features such as bar-trough, or ripple morphology may also be 
problematic, this problem has also been documented with ultrasonic sensors (Faraci et al., 
2013, Thorne and Hanes, 2002, Plain, 2013). 
Therefore, there is a need for a rapid, non-contact, high resolution profiling technique that 
can measure both the sub-aerial and sub-aqueous beach profiles using a single instrument. The 
present note presents such a technique using laser distance sensors and a barcode reader in 
combination. Here, a solution consisting of an array of fixed lasers on a manually operated 
traverse carriage is presented to measure multiple profiles simultaneously along laboratory 
beach profiles. The lasers provide individual profile measurements for each of the 8 profiles 
across the flume and can be combined to provide an average profile for the entire flume. The 
use of multiple lasers enables the ubiquitous 3D effects always present in 2D flume tests to be 
better accounted for and corrected in the sediment budget calculations. 
2. Methodology  
2.1 Equipment 
Elevation (z) coordinates are measured by SICK DT50-P111 mid-range, red, class 2 laser 
distance sensors, with an analogue 4-20 mA output, a measurement range to 10 m with 1 mm 
resolution, 2.5 mm repeatability, absolute accuracy of ± 10 mm over 10,000 mm in air (0.1%), 
and an IP65 enclosure rating. The measurement range required in the wave flume at The 
University of Queensland is less than 1500 mm (and less than 900mm sub-aqueous), suggesting 
an effective absolute accuracy of order ±2 mm, which is consistent with the data obtained. To 
test the system in greater water depths, a laser sensor was additionally installed above a 1.9m 
high settling tank and tested for a range of water depths up to 1.6m.  
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The horizontal (x) coordinates are provided with a barcode reader, SICK OLM100, to give 
a linear distance measurement. The barcode reader uses a red LED light source, barcode sensor 
and barcode tape fixed along the length of the flume. The measurement accuracy of the 
OLM100 is order 0.1 mm, with a high repeatability of ±1 mm over 10 km, IP65 rated casing 
and a digital output rate of 5 ms.  
Both the sensors and barcode reader are mounted on a non-motorised trolley that runs along 
the top of the wave flume. The fixed position of all sensors on the trolley and a fixed barcode 
strip plus barcode reader on the flume provides absolute horizontal position so a uniform 
traverse speed is not essential. Laser and barcode output are logged simultaneously at 100Hz 
and 50Hz via analogue and digital signals respectively and converted to text data in LabVIEW. 
Each traverse occurs at a speed of about 1-2cm/s to resolve ripples, taking approximately 10 
minutes and providing data at a spatial resolution along the profile of order 1 mm.  
2.2 Calibration and measurement 
In order to convert raw laser sensor measurements to distance to the bed both in and out of 
water, the refractive index of light for both air and water must be taken into account. The 
standard sensor calibration is for distance measurement in air, so a correction factor for the 
portion of flight through water is required. The refractive index of light through distilled water 
is nw ≈ 1.33 (Dale and Gladstone, 1858). However, the value of nw in the laboratory tank is 
expected to differ with varying temperature, mineral concentration, and perhaps suspended 
sediment concentration in the event of very fine sediment remaining in suspension. To obtain 
the refraction coefficient every time profiles are measured, two bench marks were used in the 
sub-aqueous region; one located on the tank bottom and one higher up in the water near the 
surface. With known distances between the two bench marks, the specific refraction coefficient 
can be obtained whenever a new traverse is conducted.  
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The laser output signal provides a single distance reading, AL, from the reflection of the 
laser dot interacting with the profile which may be through both air and water (Figure 1 and 
Figure 2), or just through air. The lasers were required to be set at a slight angle (3.2o) to avoid 
detecting any beam portion reflected off the water surface. In order to calculate the true distance 
from the laser to the bed (accounting for the refraction change in water), A, the distance from 
the laser to the water surface is required, B. To obtain sub-millimetre accuracy, distance B was 
obtained by floating thin buoyant material (here paper) on the still water surface and recording 
the distance measured. Lower accuracy could be obtained with any other measurement of the 
water surface elevation relative to the laser or a separate ultrasonic sensor. The following 
formulae (1 and 2) were used to calculate the continuous profile both in and out of water. 
𝐴 =
(𝐴𝐿−𝐵)
𝑛𝑤
+ 𝐵    For AL > B    (1) 
    
𝐴 = 𝐴𝐿     For AL < B    (2) 
 
2.3 Systematic noise and measurement errors 
Systematic noise is removed using a resistor-capacitor type filter that takes a running 
average of the signal over a 2s interval for data recorded at 100 Hz. This method of filtering 
requires profile measurements to be made in the same direction each time for consistency, due 
to the small phase shift produced with the filter. The filter is implemented in the data acquisition 
software developed in-house using LabVIEW, however a raw signal is also obtainable so other 
offline filtering techniques could be applied. Since the purchase of the original system low cost 
lasers with less system noise have become available, reducing the need to filter data, which 
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would enable a faster traverse speed. Measurement errors can occur due to bubbles on the water 
surface or suspended particulate matter if the laser passes over them. Characteristic upward 
pointing spikes in the profile appear that are easily removed later using Matlab. The previous 
and subsequent data points around the spike are selected and an average slope connecting these 
two locations replaces it. The distance sensors do not work on light absorptive surfaces or 
overly turbid water, producing a maximum distance measurement (20 mA signal), which 
produces downward spikes in the profile, again easily removed with post processing. Routine 
cleaning of the tank water reduces the frequency of these types of errors. 
 
Figure 1: Laser distance sensors and the laser points in the ripple region detected through 
the water surface. 
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Figure 2: Schematic Showing the key 
measurements required for converting 
the laser’s output measurement AL to 
the true distance through water A using 
the known distance to the still water 
level, B. 
 
 
 
2.4 Sediment budget calculations 
Sediment transport measurements are crucial for beach morphodynamic analysis. In order 
to calculate the sediment transport rate through the profile, it is conventional to calculate it 
through conservation of sediment volumes following e.g. Baldock et al. (2011),  
 
               
𝜕𝑧
𝜕𝑡
= −𝑀
𝜕𝑞𝑠
𝜕𝑥
      (3) 
and 
     𝑞𝑠(𝑥𝑖) = 𝑞𝑠(𝑥𝑖−1) − ∫ 𝑀
𝜕𝑧
𝜕𝑡
𝑑𝑥
𝑥𝑖
𝑥𝑖−1
     (4) 
where M is the solid fraction (M = 1 - p, where p is the porosity), and integration of the 
change in the profile elevation over time, ∂z/∂t, through the cross-shore horizontal, dx, occurs 
between two locations either side of the active profile that exhibit no change between 
subsequent profiles, starting at some point landward of the runup limit and progressing through 
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to a point seaward of any changes. Calculation of the net transport across the profile usually 
indicates closure errors due to non-uniform transport across the flume. The present system 
provides 8 profile lines simultaneously, which enables averaging of the transport across the full 
flume width, significantly reducing closure errors, see section 3.2. 
3. Results 
3.1 Accuracy and Repeatability 
Traverses over a sand beach profile (d50 = 0.3 mm) partially submerged in water (here the 
maximum depth is 0.6 m) and the same profile unsubmerged are shown in Figure 3. The root-
mean-square difference (RMSD) over the entire profile was 0.004 m, 0.005 m over the 
subaqueous region and 0.001 m over the sub-aerial region. Much of this difference is due to 
refraction through the air-water interface, which means the laser measures slightly offset 
locations for wet and dry profiles, where the offset increases with depth. The horizontal, x, 
location of the laser spot between dry and wet (at a water depth of 0.6 m) was measured to 
provide a difference of xdry - xwet ≈ 0.006 m, with a corresponding downward angle shift of 
approximately 0.6 degrees. For the typical application of measuring the difference between two 
beach profiles during morphological testing, where vertical changes in bed level are of order 
cm, the offset is less than one mm and similar to the accuracy of the horizontal position 
measurement. The repeatability of the system was assessed by measuring the same profile three 
times over an angled flat steel bar (Figure 4) with constant water level. The slight deviations 
from a straight line that are present in the figure on the profiles are due to mild curvature of the 
rails on which the measurement cart travels. The three profiles differed only slightly between 
the measurements with a RMSD < 0.001 m, indicating an effective overall precision of ±1 mm. 
In addition, a sand profile was also measured twice (Figure 5) and was found to produce a 
comparable RMSD over the entire profile of 0.0009 m. In greater water depths (up to 1.6m), 
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the root-mean-square-error (RMSE) of the calculated absolute distance to the bed measured 
through water compared to the measured absolute distance measured through air was 2 mm 
(Table 1), which is in agreement with the other measurements in the wave flume presented 
here. Repeated distance measurements at the same submerged depth of 1.6m again have 
differences of order 1mm. 
 
Figure 3: Measured dry (black dashed line) and wet (red solid line) profile with the wet 
profile still water line (SWL) shown in blue dashed line. Differences between the two 
profiles in the subaqueous region are expected largely to be due to the water interacting 
with the bed and displacing the sediment. 
 
Figure 4: Repeatability test of three measurements over a stainless steel bar (green, red and 
blue lines). The repeatability is clear with the three profiles barely distinguishable and the 
average RMSD < 1mm. The slight waves along the profile are due to variations in elevation 
(estimated as 0-2mm) of the top steel frame, on which the trolley runs, causing some vertical 
variability, albeit consistent. 
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Table 1: Error between absolute distance measurement in air and calculated distance 
through air and water for different water depths. Calculations were made with a calibrated 
refraction coefficient of nw = 1.355. All values in mm. 
Water depth 
Raw Laser 
Measurement 
Distance to 
water surface 
Calculated 
distance to bed  
Error  
 
0  1920.36 1920.36 1920.36 0.00 
524.72 2108.90 1397.90 1922.62 2.26 
909.36 2244.46 1012.28 1921.64 1.28 
1203.76 2347.08 715.98 1919.74 -0.62 
1440.81 2428.34 476.04 1916.85 -3.51 
1659.22 2508.46 260.22 1919.44 -0.92 
 
 
Figure 5: The same beach profile measured twice, demonstrating the repeatability of the 
measurement system, see text for further detail. 
3.2 Sediment transport 
Figure 6 shows two profiles of an accretionary sea level rise experiment where all eight 
cross tank profiles are displayed in the black dashed and dotted lines, exhibiting some 
variability across the tank between the eight profiles. This variability is further demonstrated 
in the lower plot of Figure 6, where the net sediment transport (qs) along each profile results in 
variable closure error at the offshore end of the profile (due to the calculation of equation (4) 
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commencing at the landward end of the profile). The solid red line on both plots shows the 
average profile and the averaged qs, the latter is seen to resolve closer to zero at the offshore 
boundary where no net transport occurs, suggesting that the majority of the cross-tank 
variability and sediment transport has been accounted for.  
 
Figure 6: Closure of the sediment continuity equation is improved by taking multiple 
profiles across the tank. Individual profiles (top) and sediment transport (bottom) in black 
solid and dashed lines, average profile and average transport in red solid line.   
4. Discussion 
The laser measurement system described offers substantial benefits over other profiling 
techniques. Loss of resolution and accuracy with increased distance is reduced as the laser 
footprint does not increase quickly as with ultrasonic sensors, so measurement accuracy is 
retained over greater distances, potentially making it more applicable in deeper tanks. The 
method is rapid compared to forms of contact measurement, with eight (across tank) 10 m long 
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beach profiles measured in 10 minutes, far faster than rigid drop stick/survey methods, which 
are also prone to human measurement error and profile disturbance when the stick contacts the 
bed. The time taken to measure even a very low resolution profile using drop stick 
measurements of a single profile with δx ≈ 0.25 m is approximately 15 minutes, markedly less 
efficient than a single laser with δx ≈ 0.001 m resolution taking only 10 minutes. A wheeled 
profiling system is not effective at this scale; even at near-prototype scales such profilers tend 
to cut through ripples (Baldock et al., 2011). Efficiency increases with the potential for multiple 
synchronised sensors, the measurement time is the same for any number of profiles (the present 
system uses eight but is expandable to 16 using the current electronics), very efficient compared 
to manual methods. Simultaneous measurement of multiple profiles makes profiling at short 
intervals practical, improving the ability to measure rapid changes in beach profile evolution. 
The high resolution of the system also allows improved measurement of ripple morphology. 
This level of detail is useful for analysis of ripple migration (Figure 7) and for other bed form 
and profile behaviour analyses, such as detection of closure depths. The present system has 
been tested for water depths up to 1.66m with no obvious loss of accuracy or resolution. This 
water depth is greater than most medium, scale laboratory facilities. Although not tested, results 
in deeper water are not expected to differ greatly, although there will be limitations due to light 
attenuation. Class 2 red lasers typically have a wave length, λ, of around λ ≈ 630-650 nm with 
an absorption coefficient in pure water of αw ≈ 0.3 m-1 (Pope and Fry, 1997). This situation 
may be improved by use of shorter wave length lasers, such as green, λ ≈ 530 nm, allowing 
deeper penetration with a lower absorption coefficient, αw ≈ 0.041 m-1. 
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Figure 7: The laser system resolves the profile to ripple scale 
Application of the absorption coefficient requires calculating the change in intensity, I, with 
water depth, z, with z = 0 at the surface, increasing with depth. 
𝜕𝐼
𝜕𝑧
= −𝛼𝑤𝐼 
or 
𝜕𝐼
𝐼
= −𝜕𝑧. 𝛼𝑤 
and integrating provides 
ln 𝐼 = −𝛼𝑤𝑧 
solving for I 
𝐼 = 𝐼0𝑒
−𝛼𝑤𝑧 
where I0 is the intensity at the water surface. The solution is provided in graphical form for 
both red and green light in Figure 8. A 50% loss of intensity, I50, occurs for red light at 
approximately 2.3 m water depth, whereas for green light  I50 ≈ 17.5 m in pure water. The 
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penetration of light into water can also be inhibited by turbidity, it is important to ensure the 
water is clear enough to utilise this system. If turbidity is too high, then the laser does not 
register and a maximum value will be returned. The system is intended for use in conventional 
beach morphology models with sand size sediments, 0.1mm<d50<1mm. Based on the 
approximate settling times of the finer fraction sand diameters of 0.1mm, the settling velocity 
would be of the order ~1 cm/s. Therefore, with clean water and a medium size flume with a 
water depth of 2 m, it may be necessary to wait ~200 s to ensure the sediment has settled. In 
order to show the effect of sand settling, Figure 9 shows two laser signals, one of which (A) is 
subjected to sediment (d50<0.2mm) being sprinkled onto the water surface in the flume to 
disrupt the signal, the other signal (B) is a control laser in the same flume away from the 
introduced sediment. The response shows the bed reading being disrupted; initially the laser 
detects the sand at the water surface (~470mm) as it is being introduced, then falling through 
the water column after the sprinkling stops. When the sand becomes well dispersed, producing 
temporarily high turbidity, the signal is lost and the laser gives a maximum reading (1500mm 
with this calibration). This only lasts a short time and there is a quick recovery to the steady 
bed signal; all of this occurs in less than 1 minute. The amount of time for the sediment to settle 
may often be shorter than the time for the water to settle in order to obtain a stable signal from 
the laser, as demonstrated in Figure 10, which shows all eight laser signals in initially still 
water, followed by the waves being turned on and allowed to ramp up to full operation, taking 
approximately 30s, after which the waves are turned off. The laser signal is seen to return back 
to its steady bed reading in under three minutes. This is an example of one scenario in the 
present flume conditions, because other experiments, sediment size distributions and flume 
sizes will vary, appropriate consideration of these variables should be given to other cases.   
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Figure 8: Light attenuation through pure water of red (λ ≈ 630nm) and green (λ ≈ 530nm) 
light. 
  
Figure 9: The effect of sprinkling sediment onto the water into the path of laser A (dashed 
line). Laser B (solid line) is a control, away from the area where the sediment is introduced. 
The reading that is greater than the bed is due to the laser signal being lost in the turbidity, 
providing a maximum reading (set to 1500mm). 
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Figure 10: Laser signal responses to waves being turned off at the end of an experiment 
(wave generator stops at Time = 60 s) to measure the time for the water surface to settle 
enough for the lasers to return a stable reading. In this case, after shut down the process 
takes less than two minutes; although times will vary depending on wave conditions and 
equipment. 
 
Retaining and maintaining constant water levels is preferable in many situations, and the 
need to drain the tank can result in profile deformation during drawdown and again during 
refilling. While the bed following system of HR Wallingford allows for equally high resolution 
and efficient profiling for a single profile, the increased complexity, requiring multiple moving 
and motorised parts and a control system may be prohibitive for simultaneously measuring 
multiple profiles across the tank, particularly at closely spaced intervals. That laser system also 
does not appear to be able to continuously measure from the sub-aqueous profile through to 
the sub-aerial profile, or in water depths shallower than the blanking distance of the sensor 
(80mm). The maximum vertical movement of the sensor is also limited to 600mm, according 
to the specifications. Lidar is also a good solution for highly detailed three dimensional profiles. 
However due to the requirement for the tank to be drained for complete profiles this reduces 
the practicality of measurements of profile changes over short intervals. With the present 
method, a dense array of laser distance sensors on a traverse system could provide a practical 
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alternative for three dimensional profiling, albeit with a lower resolution alongshore  while 
maintaining the high resolution cross-shore and vertically.  
5. Conclusions 
A high-resolution laser based subaerial and sub-aqueous beach profile measurement system 
has been designed and presented. The sensing system has no mechanical parts and is 
demonstrated in water depths up to 1.6m. The system provides high precision, repeatable and 
continuous sub-aqueous to sub-aerial measurements of sand bed elevation from above the 
water surface. The technique resolves the beach profiles both below and above the waterline 
with ±1mm resolution and ±2mm precision in the horizontal and vertical coordinates, enabling 
profiling of macro-forms such as bars, troughs and scarps as well as micro-forms, such as wave 
ripples, to a high accuracy.  
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Appendix C – Investigation into profile responses to 
incremental vs step water level rises 
Two experiments were conducted at UNSW to investigate the difference in profile 
development under a single step water level rise and multiple, smaller, incremental steps, to 
the same level as the single step (see also Beuzen et al., 2018). Figure 3.2.9A illustrates the 
profile progression during the incremental water level changes, experiment IE1, as a contour 
plot showing the difference in profile elevation at time, t relative to the initial planar profile. A 
barred profile develops quickly through erosion about the shoreline, before stabilising at t ≈ 
−2h. Note that for figures like these which show data from both water levels, the time axis 
origin indicates the time of the initial water level change. Following the commencement of 
water level rise (t > 0 h), the bar widens and loses definition as the experiment progresses. The 
landward flank of the bar moves shoreward, and the seaward flank propagates offshore. After 
the final incremental water level rise (t > 14h) the shoreline and bar stabilise, with little change 
occurring for t > 20h. 
Figure 3.2.9B illustrates the profile progression for the step water level change experiment, 
SE1. The profile development prior to water level rise for SE1 is very similar to that in IE1, 
demonstrating reasonable repeatability. During SE1, the sudden large change in water level 
results in a different profile progression to that which occurred during IE1. Soon after the water 
level change (0 h < t < 5 h), the original bar was destroyed and a new one formed in the inner 
surf zone (x ≈ 15m) and propagated offshore. The profile development continued with the bar 
becoming well-defined at t ≈ 15h before degenerating and smoothing out to a profile that is in 
close resemblance to the final profiles of IE1 (Figure 3.2.10). 
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Figure 3.2.9: Contour difference plots of profile change with time (t (h)) for IE1 (top) and 
SE1 (middle) profile progression. Sea level rise commences at t = 0h in each plot. The 
shoreline is shown as the green line with crosses at each measured profile. The colour bar 
gives the elevation change from the initial profile before and after the water level change 
in metres.  
Although the intermediate progressions are different between the two cases (t < 16 h), later 
(t > 16 h), the relative shoreline position is remarkably similar by the end of both experiments 
(Figure 3.2.11). Slight differences in the profiles at the end (Figure 3.2.10) may be due to the 
different rate of water level change and/or morphodynamic complexity, or inherent variability 
of the dynamic processes. The final profile at the initial water level was also slightly different, 
likely due to the different durations, the bar was a bit narrower at t = 0 hour for SE1 (Figure 
3.2.9B). Hence, given other uncertainties inherent in the initial conditions and natural 
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variability in morphodynamic responses given sufficient time, step rises in water level appears 
to yield static equilibrium profiles with close similarity to incremental rises, while reducing 
experimental complexity. Although the intermediate profile development differed, the 
shoreline recession and beach profile at the end of each experiment were remarkably similar, 
irrespective of the water level progression (Figure 3.2.11).  
 
Figure 3.2.10: Comparison of Incremental-SLR (solid red line) and Step-SLR (black dash-
dot line) experiments at t = 26.33 hours after commencement of sea level rise. The profiles 
shapes are very similar after the same run time at the final water level. Note: The shorelines 
have been aligned for ease of comparison due to differences in horizontal position of the 
initial planar profile. 
 
Figure 3.2.11: Relative shoreline plots with respect to the initial location for the incremental 
water level change, I1 (solid red line) and step water level change, S1 (black dash-dot line). 
The final shoreline location is independent of the intermediate profile evolution. 
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Appendix D - Mean Profile Recession plots 
This Appendix provides all of the mean profile recession plots. Each plot is divided into 
two graphs. In the left graph, the blue profile is the final profile at the initial water level; the 
dashed grey profile is the final profile at the raised water level; and the black profile is the 
dashed grey profile with elevations reduced by the water level rise to show the recession 
relative to the blue profile. The right graph plots each of the recession values at increments, δz 
= 1mm, along with the mean of all the different contour recessions, called the mean profile 
recession, Rm, indicated as the vertical black line.  
Experiment E1C – Rm = 0.738 m 
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Experiment E1 – Rm = 0.672 
 
Experiment E2 – Rm = 0.698 m 
 
Experiment E3 – Rm = 0.750 m 
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Experiment E4 – Rm = −0.788 m 
 
Experiment E5 – Rm = 0.712 m 
 
Experiment A1 – Rm = 0.522 m 
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Experiment A2 – Rm = 0.328 m 
 
Experiment A3 – Rm = 0.381 m 
 
Experiment NA1 – Rm = 0.300 m 
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Experiment NE1 – Rm = 0.638 m 
 
Experiment NE2 – Rm = 0.490 m 
 
Experiment NE3 – Rm = 0.137 m 
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Experiment NE4 – Rm = 0.478 m 
 
 
